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IN-SITU  TESTING  WITH  THE  MENARD  PRESSUREMETER 

I.   INTRODUCTION 

The  pressuremeter  is  a  bore  hole  device  which  has  been  used  many  years  in  Europe 
to  measure  in-situ  properties  of  soil  and  rock.  Since  1970  it  has  become 
increasingly  popular  in  the  United  States  to  determine  in-situ  ground  conditions. 
The  utilization  of  the  test  results  are  based  upon  emperically  modified  theoretical 
considerations  and  also  upon  "test  specific"  field  measurements. 

Louis  Menard  pioneered  the  use  of  the  pressuremeter  in  France  and  the  most  widely 
used  pressuremeter  in  the  United  States  is  the  Menard  type.  Other  basic  models 
and  modifications  to  the  Menard  probe  have  been  developed  and  are  becoming  more 
popular  in  use.  In  particular,  two  self-boring  pressuremeters  have  been  developed. 
These  are  the  Cambridge  In-situ  Probe,  developed  in  England  and  the  Baguelin,  or 
PAF  self-boring  pressuremeter.  The  self-boring  pressuremeters  have  been 
developed  due  to  the  limitations  of  the  Menard  type  for  use  in  very  soft  soils. 

The  intent  of  this  report  is  to  aid  the  pressuremeter  user  by  discussing  some  U.S. 
testing  experiences,  prime  uses  of  the  equipment,  its  limitations  and  methods  of 
evaluation.  In  addition,  several  case  histories  are  included  to  point  out  typical 
usage  and  conditions  where  the  pressuremeter  was  an  appropriate,  in-situ  measur- 
ing device. 


Background 

Due  to  franchise  limitations,  Menard  pressuremeters  have  not  been  readily 
available  in  the  United  States  until  recently.  The  first  unit  that  our  firm  used  was  a 
Geoprobe  Model  2B,  purchased  in  1970  for  $6,000.00.  The  Geoprobe  is  shown  in 
Figure  la.  It  was  quite  basic,  but  also  quite  sturdy.  Modifications,  including  new 
valves,  tubing  and  pressure  gages  have  been  made,  but  the  unit  is  still  in  use  (1978). 

A  Menard  type  E  pressuremeter,  shown  in  Figure  lb,  became  available  for  use 
through  a  research  project  with  Northwestern  University,  our  firm  and  the  Menard 
Organization.  As  indicated  by  the  snow  in  Figure  lb,the  Menard  meter  is  adaptable 
to  all  weather  conditions.  It  is  more  versatile  than  the  Geoprobe  model,  although 
the  pressure  range  is  not  as  high. 

Significant  modifications  and  changes  have  been  developed  within  the  last  several 
years,  allowing  for  more  accurate  test  results  and  better  pressuremeter  per- 
formance. These  include  higher  pressure  ranges,  more  sensitive  valves,  and 
pressure  differential  systems.  Also,  the  control  pannels  have  been  modified  so  that 
they  fit  in  a  "suitcase"  type  of  container  and  can  be  easily  transported  by  plane. 
Figure  lc  shows  a  model  handeled  by  Roctest,  which  has  been  modified  for  specific 
applications  used  by  our  firm. 

Use  of  various  sizes  and  styles  of  probes  has  been  evaluated.  Figure  la  shows  an  NX 
and  BX  size  non-shielded  membrane  probe.  Figure  Id  indicates  a  BX  size  Menard 
shielded  probe,  which  we  have  standardized  for  use  throughout  our  organization. 

Current  (1978)  prices  for  the  basic  Menard  pressuremeter  system  ranges  from 
$12,000  to  $15,000. 
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Pressuremeter  tests  are  performed  in  predrilled  bore  holes.  The  probe, 
which  has  three  chambers,  is  lowered  into  the  bore  hole  to  a  prescribed  depth 
and  then  the  probe  is  expanded  radially  against  the  sides  of  the  bore  hole. 
Both  gas  and  fluid  pressures  are  typically  used  for  the  expansion,  although 
several  pressuremeter  models  use  only  fluids.  The  top  and  bottom  chambers, 
called  guard  cells,  tend  to  seal  off  the  bore  hole,  allowing  the  central 
chamber  or  cell  to  expand  in  a  nearly  plane  stress/plane  strain  condition.  The 
pressure  in  the  guard  cell  is  maintained  just  slightly  lower  than  the  central 
cell  pressure.  Volume  changes  in  the  central  cell  are  measured  versus  the 
pressure  increment  and,  in  effect,  a  horizontal  stress/strain  test  curve  can  be 
generated. 

The  results  of  pressuremeter  tests  are  displayed  graphically  for  pressure 
versus  volume  change  at  each  pressure  increment.  Tests  can  be  taken  to  near 
failure  of  the  soil.  The  parameters  obtained  from  the  test  curves  are  used 
throughout  this  report,  and  are  briefly  described  as  follows: 

Limit  pressure,  P.,  is  the  pressure  at  which  failure  occurs  for  the  soil.  If  the 
soil  does  not  fail,  there  are  several  techniques  to  extrapolate  the  available 
data  to  estimate  the  limit  pressure. 

Pressuremeter  modulus  of  deformation,  E  .,  is  a  distortion  modulus  of  the  soil 
measured  in  the  "pseudo-elastic"  phase  of  the  test.  The  pseudo-elastic 
portion  of  the  test  is  where  the  strains  are  partially  recoverable. 

Creep  pressure,  P* ,  is  the  stress  level  at  the  end  of  the  pseudo-elastic  zone, 
before  the  soil  goes  into  a  plastic  zone  in  which  deformations  are  non- 
recoverable. 

The  uses  of  the  pressuremeter  test  results,  based  upon  these  parameters,  are 
discussed  in  Section  II  of  this  report.  Evaluation  of  pressuremeter  test  curves 
is  discussed  in  Section  IV. 
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2.    PRESSUREMETER  USES 

Engineering  Uses 

The  soil  parameters  derived  from  the  pressuremeter  test  (PMT)  are  based  upon 
typical  theoretical  considerations  of  a  radially  expanding  cylindrical  surface 
stressing  a  homogenous  soil.  The  theory  is  briefly  summarized  in  Reference  1  . 
The  basic  formulas  resulting  from  this  theoretical  analysis  have  been  used  to 
predict  soil  shear  strength,  frictional  resistance,  bearing  capacity  and  lateral 
earth  pressure  reactions. 

Settlements  for  structures  have  been  predicted  from  pressuremeter  test  results 
by  correlations  with  a  second  theoretical  analysis;  that  of  a  uniformly  stressed 
rigid  footing  penetrating  into  a  uniform  homogenous  elastic  mass.  A  brief 
explanation  of  this  theory  is  also  included  in  Reference  8* 

These  two  basic  theoretical  analyses  are  the  basis  for  all  pressuremeter  para- 
meter and  use  definitions.  The  theory  has  been  correlated  in  Europe  with  full 
scale  load  tests  and  laboratory  studies,  primarily  performed  by  the  Center  for 
Geotechnical  Studies  under  the  direction  of  Louis  Menard,  in  Paris.  Menard  has 
summarized  the  uses  and  the  results  of  the  field  studies  in  his  report,  "In- 
terpretation and  Application  of  Pressuremeter  Test  Results",  1975  edition.  This 
paper  is  recommended  for  all  pressuremeter  users  and  is  a  basic  guide  to 
pressuremeter  use.  It  also  provides  information  regarding  standardization  of 
test  methods. 

The  typical  engineering  uses  and  the  appropriate  Menard  formula  are  summarized 
in  Table  1.     Terms  are  defined  in  the  List  of  Symbols,  page  viii,  and  in  the  Glossary, 
Appendix  B. 


TABLE   1   -  TYPICAL  PRESSUREMETER  ENGINEERING  USES* 


ENGINEER'S  USE 


FORMULA 


COMMENTS 


Shear  Strength 


or 


Skin  Friction 


Bearing  Capacity 


Settlement 


c    _  _L 2         E 

o  ~   1  +  log  d 

e    2^/l+M 


S.  = 


Pl-Po 


o  "     2  K 


B 


Same  as  Shear  Strength 


«uit  =  % +  K  (prpo} 


w  =  w2  +  w3 


(1)      Theoretical  Derivation   P. 
P    and  E  .  from  pressure- 
meter  test  curves;      y  is 
Poisson's  Ratio 


(2)  Normalized  Denominator  for 
I/=0.33;  KR  defined  for  values 
of    Ed/Pr  D 

Kg  varies  based  on  the  type  of 
foundation  &  nature  of  in- 
stallation, i.e.,  driven,  drilled, 
etc.  value  is  obtained  from 
charts 

(3)  K  varies  from  0.8  to  9.0  based 
on  depth  of  embedment,  type 
of  soil  <k  shape  of  foundation, 
Pi  is  "Equivalent  P,"  above  <5c 
below  bearing  level. 

(4)  E  is  equivalent  modulus  defin- 
ed for  zone  being  stressed  by 
the  foundation;  P  is  load  trans- 
mitted to  the  soil;  OCvaries  by 
soil  type 


where      W"2  =  -3^  PRQ  (A2  RQ)  (5)      W*2  is  deviatoric  settlement 


and  W3  =  -^  P  X3  R 


(6)      W-j  is  spherical  settlement 


*        From  Menard,  "Interpretation  and  Application  of  Pressuremeter  Test  Results"  (9) 
Terms  are  defined  in  the  List  of  Symbols,  p.  viii. 


Site  Specific  Uses  of  the  Pressuremeter 

Table  1  summarizes  the  typical  uses  of  the  Menard  pressuremeter.  The  para- 
meters described  in  this  table  can  be  used  for  the  various  evaluations  noted. 
However,  there  are  specific  cases  where  the  pressuremeter  can  be  the  most 
useful  method  of  in-situ  evaluation,  when  compared  with  other  exploration  or  in- 
situ  techniques.  These  special  situations  will  be  discussed  in  the  following 
paragraphs. 

Testing  of  Silty  Soils 

Silty  soils  are  difficult  to  sample  due  to  disturbance  and  the  lack  of  cohesion. 
Carefully  retrieved  silt  soils  are  sometimes  even  harder  to  accurately  test,  even 
under  the  best  laboratory  conditions.  In  addition,  most  theoretical  geotechnical 
analyses  are  based  upon  either  ideal  clays  or  ideal  granular  materials  and  silts 
fall  into  a  gray  zone,  which  are  somewhat  ill  defined  in  geotechnical  evaluations. 

Characteristics  of  in-situ  silts  can  be  quite  accurately  defined  by  pressuremeter 
testing.  The  tests  can  be  difficult  to  perform  and  rely  upon  very  carefully 
prepared  bore  holes  and  careful  test  procedures.  However,  when  properly  per- 
formed, they  can  be  very  useful  in  helping  to  establish  in-situ  silt  characteristics. 
Case  History  A,  (in  Section  6),  indicates  a  typical  use  of  the  pressuremeter  in  a 
silt  soil,  where  the  testing  resulted  in  successful  project  completion. 

Testing  In  Brittle  Soil  Formations 

Very  brittle  formations,  such  as  a  glacial  hardpan  or  sometimes  weathered  rock, 
are  also  very  difficult  to  sample  without  causing  major  disturbance  to  the 
sampled  material.  Similarly,  tests  upon  small  portions  of  the  samples  that  are 
obtained  may  not  be  representative  of  the  actual  in-situ  conditions.  The 
pressuremeter  has  been  very  valuable  in  helping  to  evaluate  the  strength  and 
settlement  characteristics  of  these  brittle  materials.  The  bore  hole  disturbance, 
typically  caused  by  driving  a  split-barrel  sampler,  can  be  avoided  by  careful 
rock-bitting  or  core-type  sampling. 
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Case  History  B  indicates  several  projects  where  the  pressuremeter  was  used  to 
evaluate  settlement  characteristics  of  brittle  soil  formations.  Two  high-rise 
structures  were  to  be  supported  upon  drilled  pier  caisson  foundations  situated 
upon  glacial  hardpan  materials.  Performance  monitoring  of  these  structures 
indicates  that  the  pressuremeter  predicted  settlements  were  very  close  to  the 
actual  settlements  observed. 

Interbedded  Sand,  Silt  or  Clay  Soils 

Soils  with  interbedded,  non-uniform  layers  can  be  difficult  to  accurately  evaluate 
in  the  laboratory.  For  example,  a  thin  silt  seam  lying  within  a  general  clay 
matrix  could  result  in  significant  error  and  problems  for  triaxial  or  unconfined 
strength  testing.  However,  this  same  silt  seam,  when  tested  in  the  field  with 
the  pressuremeter,  may  result  in  valid  test  data  relating  to  the  overall  soil 
formation.  The  large  soil  volume  stressed  by  the  pressuremeter  probe  seems  to 
even-out  inconsistencies  in  soil  deposit  layering.  This  is  not  to  say  that  the 
consequences  of  thin  seams  or  similar  potential  failure  surfaces  should  be  over- 
looked, but  that  pressuremeter  testing  in  conjunction  with  accurate  sampling  and 
laboratory  testing  may  provide  additional  information  not  obtainable  to  either 
alone.  Case  History  C  (in  Section  6)  provides  an  example  where  the  apparent 
random  layering  of  a  soil  deposit  significantly  influenced  laboratory  shear 
strength,  but  the  in-situ  testing  indicated  significantly  higher  strength  values. 

Testing  of  Fill  Soils 

Due  to  their  heterogenous  nature,  fill  materials  can  be  very  difficult  to  evaluate. 
This  relates  to  both  natural  soil  fills  as  well  as  miscellaneous  fill  materials. 

Pressuremeter  testing  in  fills  has  been  quite  useful.  Typically,  it  is  necessary  to 
perform  a  larger  than  typical  number  of  tests  to  evaluate  the  wide  range  of 
possible  fill  conditions,  but  the  results  have  been  quite  accurate  for  a  number  of 
different  fill  materials,  including  clays  and  silts  and  ranging  up  to  very  dense 
well  graded  granular  soils.     Case  History  D  indicates  a  typical  use  wherein  the 
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shear  strength  of  an  old  clay  fill  embankment  which  was  determined  by 
pressuremeter  testing  was  used  in  the  stability  analysis  of  the  clay  fill 
embankment.  Subsequent  performance  monitoring  indicated  that  the  evaluations 
based  upon  the  pressuremeter  test  results  were  accurate. 

Other  types  of  fills  can  also  be  tested  with  the  pressuremeter.  Case  History  F 
summarizes  a  situation  where  an  old  refuse  dump  was  tested  with  the 
pressuremeter.  The  results  were  remarkably  consistent  and  definable  with  the 
pressuremeter  tests.  At  this  particular  site,  the  pressuremeter  was  also  used  to 
evaluate  the  effectiveness  of  dynamic  compaction. 

Friction  Resistance  of  Piles  or  Drilled  Piers 

Menard  has  correlated  the  use  of  pressuremeter  test  results  with  frictional 
resistance  of  extended  foundations.  This  is  basically  through  correlations  with 
the  soil  shear  strength  and  the  results  have  been  charted  for  easy  reference. 
Case   History  E   (in  Section  6)  indicates  the   validity  of   the   pressuremeter 

formula  based  upon  a  research  project  where  caisson  foundations  were  loaded  to 
failure.  The  results  correlated  well  with  standard  geotechnical  methods  of 
evaluation. 

Testing  in  Soft  Soils 

Results  of  pressuremeter  testing  in  soft  clay  soils  can  be  very  difficult  to  obtain 
with  the  Menard  pressuremeter  probe.  This  is  generally  due  to  bore  hole 
disturbance.  The  most  accurate  method  of  forming  a  bore  hole  is  by  augering  or 
careful  rock-bitting  using  drill  mud.  Case  History  G  indicates  a  project  in  which 
pressuremeter  results  were  evaluated  versus  in-situ  vane  shear  testing,  and  large 
diameter  unconfined  compressive  strength  laboratory  testing.  In  this  particular 
case,  the  shear  strength  correlations  were  quite  close,  which  show  that,  if 
properly  performed,  the  pressuremeter  can  provide  valid  information  in  very  soft 
deposits.  However,  the  careful  preparation  of  the  bore  hole  cannot  be 
overstressed. 


Lateral  Soil  Parameters 

The  pressuremeter  imparts  a  lateral  stress  to  the  soil  or  rock  formation.  In  this 
way,  it  is  measuring  the  lateral  characteristics  of  a  deposit.  The  nature  of  this 
horizontal  stressing  has  been  useful  in  evaluating  the  horizontal  earth  pressure 
characteristics  with  regard  to  overturning  of  transmission  towers,  as  indicated  in 
Case  History  H.  The  lateral  parameters  defined  in  the  pressuremeter  tests  were 
much  better  than  the  engineered  guess  based  upon  standard  penetration  blow 
count  values. 

Case  History  I  also  indicates  a  situation  where  the  pressuremeter  was  used  to 
predict  movements  of  a  pile  foundation  subjected  to  lateral  load.      The  lateral 
resistance  of  granular  surface  fill  materials  which    was   necessary  in  providing 
the  required  overturning  resistance  was  accurately  predicted  by  pressuremeter 
testing. 

The  proceeding  paragraphs  indicate  some  of  the  prime  uses  for  pressuremeter 
testing.  In  each  case,  the  pressuremeter  was  used  to  supplement  or  supersede 
standard  methods  of  sampling  or  analysis.  In  cases  where  performance  monitor- 
ing was  available  it  appears  that  the  pressuremeter  test  results,  combined  with 
sound  engineering  judgement,  provided  accurate  and  predictable  results. 
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3.  PRESSUREMETER   USE   LIMITATIONS 

The  Menard  Pressuremeter  test  can  be  affected  by  many  different  conditions  of 
the  test  itself.  Some  have  a  significant  influence  on  the  results,  whereas,  others 
have  only  a  slight  influence.  The  following  paragraphs  briefly  summarize 
conditions  which  can  affect  pressuremeter  test  results. 

Variations  in  Pressure  Increments 

The  pressure  increments  or  resulting  number  of  test  points  can  have  a  significant 
affect  on  test  results.  The  smaller  the  pressure  increment  and  consequently,  the 
larger  the  number  of  points  for  a  test  curve,  the  "steeper"  a  curve  will  be.  This 
results  in  a  lower  value  of  modulus,  E  .,  and  a  lower  value  of  limit  pressure,  P.. 
Menard  has  attempted  to  standardize  the  test  curve  by  specifying  that  it  should 
consist  of  between  7  and  1 5  separate  points.  Schmertman  has  indicated  that  the 
pressure  increments  can  significantly  affect  the  drained/undrained  condition  of 
the  soil  and  that  the  resulting  pressuremeter  curve  may  indicate  that  the  first 
portion  of  the  curve  is  essentially  drained  and  the  latter  portion  is  essentially 
undrained.  The  Soil  Testing  Services,  Inc.  experience  has  been  that  nearly  all 
soil  types  are  affected  by  changes  in  pressure  increments,  with  the  exception  of 
perhaps  the  hardest  high  strength  hardpan  or  soft  rock  formations.  References 
which  comment  on  pressure  increment  changes  include  Roy,  et  al,  Reference  12 . 

Temperature  of  Test  Liquid 

Roy,  et  al,  (reference  12)  notes  that  the  temperature  of  the  pressuremeter  test 
liquid  tends  to  influence  the  test  curve.  The  lower  the  temperature,  the 
"flatter"  the  curve  becomes,  and  hence,  the  higher  the  values  of  E  .  and  P,.  The 
effects  are  relatively  small  and  would  only  require  correction  for  very  soft  clay 
or  low  limit  pressure  soils.  He  also  notes  that  the  viscosity  of  the  test  fluid  may 
slightly  alter  the  pressuremeter  test  results. 
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Bore  Hole  Versus  Probe  Size  Ratio 

The  size  of  the  bore  hole  into  which  the  pressuremeter  is  inserted  must  have  a 
"snug"  fit  to  ensure  optimum  PMT  results.  A  size  relationship  has  been 
determined  by  Roy,  et  al  (reference  12)as  follows: 


Q  =  diameter  of  the  bore  hole 
diameter  of  the  probe 


As  'Q'  increases  the  bore  hole  size  is  larger  than  the  probe  and  the  value  of 
modulus,  E,  decreases.  The  literature  (references  6,  12)  has  cited  a  reduction  in 
E  .  of  between  20%  and  40%,  or  more  as  'Q'  increases.  Thus,  the  effect  on  the 
modulus,  E  .,  is  significant.  It  is  generally  felt  that  when  the  pseudo-elastic 
portion  of  the  curve  is  reached,  the  probe  volume  should  not  exceed  220  cc,  for 
valid  test  results.  This  constraint  limits  the  value  of  'Q'  to  1.10  for  a  BX  size 
Menard  probe.  The  Soil  Testing  Services'  experience  has  been  similar  to  the 
cases  cited  in  the  literature,  that  is,  Q  has  a  significant  effect  upon  E. 

However,  the  value  of  Q  does  not  apparently  affect  the  limit  pressure,  P.,  to  any 
great  degree. 

Probe  Size  Changes 

Roy,  et  al,  has  also  cited  the  effect  of  probe  size  on  pressuremeter  parameters. 
For  the  relatively  soft  clays  tested,  the  limit  pressure,  P.,  appeared  to  be 
proportional  to  the  size  of  the  probe,  at  least  for  the  probe  sizes  changing  from 
AX  to  BX  size.  In  this  case,  changing  probe  size  was  also  a  change  in  the  probe 
length  to  diameter  ratio.  Laier,  Schmertmann  and  Schaub,  (reference  7 )  have 
found  that  the  length  to  diameter  ratio  has  a  marked  effect  on  measured  limit 
pressures.  As  the  length  to  diameter  ratio  increased,  the  limit  pressure 
decreased.  The  reason  for  this  is  the  larger  area  is  stressed  in  a  "spherical" 
expansion  rather  than  a  "radial"  expansion,  when  a  larger  probe  length  to 
diameter  ratio  is  used.  Laier  has  formulated  correction  factor  curves  to  convert 
test  P|  values  to  Pj  values  for  a  theoretically  infinite  probe  length. 
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The  Soil  Testing  Services'  experience  has  been  predominately  with  a  single  size 
probe,  the  BX  size  probe.  Initially,  NX  and  BX  size  probes  were  utilized. 
However,  it  was  found  easier  to  form  a  hole  for  the  BX  probe  and  the  use  of  the 
NX  probe  was  dropped  several  years  ago  before  any  correlations  between  the  two 
were  attempted. 

Tests  in  Soft  Clay 

In  soft  clay  deposits,  the  soil  undergoes  a  slow  creep  during  the  time  required  to 
perform  a  field  test.  This  creep  is  one  reason  for  the  limitation  of  pressure 
increments    as    noted    above.  Roy,    et  al,    designed    a    test    wherein    the 

pressuremeter  was  pushed  directly  into  a  soft  clay  formation  and  a  certain  time 
period  was  allowed  before  the  test  was  performed.  The  test  results  obtained 
after  the  "relaxation"  period  was  allowed  were  significantly  lower  than  when  the 
soil  was  tested  immediately.  Pore  pressure  dissipation  was  cited  as  the  reason 
for  the  changes  noted.  This  is  an  unusual  procedure,  and  direct  comparison  or 
correlations  with  typical  Menard  test  procedures  can  not  be  made.  However,  it 
does  imply  that  the  time  in  which  a  test  performed  and  the  state  of  the  soil  being 
tested,  i.e.,  drained,  undrained,  etc.,  can  have  a  significant  affect  upon  very  soft 
soil  conditions. 

The  difficulty  of  testing  in  soft  clays  has  been  observed  by  many  authors  and  is 
the  prime  reason  for  development  of  the  self  boring  pressuremeters.  The 
literature  details  problems  in  forming  hole  size,  squeezing  of  soft  soils,  etc. 
(references  1,  2,  8,  9,  10,  12,  13). 

There  is  also  a  problem  of  pressure  control  when  using  a  conventional  Menard 
pressuremeter  in  soft  clay  at  deep  levels.  As  soon  as  the  valve  is  opened  to  the 
inner  membrane,  the  pressure  due  to  the  water  in  the  line  may  be  sufficiently  high 
to  be  beyond  the  creep  pressure  so  the  initial  portion  of  the  test  curve  is  "lost". 
Special  control  valves  should  be  inserted  immediately  above  the  test  probe  to  al- 
low for  application  of  small  pressure  increments. 
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H.  EVALUATION  OF  PMT  CURVES 

Sampling  Technique 

The  limitations  to  PMT  results  based  upon  specific  test  conditions,  such  as  bore 
hole  size,  method  of  sampling  and  the  shape  of  the  pressuremeter  probe  are 
important.  However ,  the  interpretation  of  the  resultant  PMT  curve  is  equally 
important.  The  relative  differences  between  the  theoretical  considerations 
regarding  laboratory  performed  correlations  and  actual  data  obtained  from  in- 
situ  test  conditions  should  not  be  overlooked.  Field  Pressuremeter  test  curves 
and  resulting  parameters  can  vary  substantially  based  upon  the  soil  and  rock 
conditions  encountered.    This  section  deals  with  the  evaluation  of  PMT  curves. 

General  Evaluation  of  PMT  Curves 

Actual  PMT  data  frequently  plots  in  the  form  of  the  ideal  curves  shown  in 
Figure  2.  However,  in  many  instances,  the  pecularities  of  the  soil  formation  or 
of  the  specific  test  procedure  result  in  PMT  curves  which  may  be  significantly 
different  and  yet  will  provide  substantial  information  regarding  the  soil  or  rock 
deposit.  Since  the  Menard  Pressuremeter  can  be  used  in  a  wide  variety  of  soil 
and  rock  formations,  from  relatively  soft  or  loose  to  extremely  dense  or  soft 
rock  formations,  the  intrepretation  of  PMT  results  varies,  depending  upon  the 
specific  condition.  The  Menard  Pressuremeter  rules  have  accounted  for  some  of 
the  differences  in  PMT  curve  formation. 

In  very  soft  soil  formations,  the  bore  hole  disturbance  resulting  from  use  in  the 
Menard  Pressuremeter  probe  typically  results  in  a  poor  value  of  modulus  E  .. 
However,  it  appears  that  the  limit  pressure  obtained  from  a  test  in  soft  materials 
is  not  significantly  altered.  In  general,  the  limit  pressure  values,  P.,  in  soft 
materials  are  more  accurate  than  the  modulus  values  E  ,. 
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Conversely,  in  very  dense  soil  or  soft  rock  formations,  the  PMT  curve  results  in  a 
very  well  defined  value  of  modulus,  E  j,  but  the  typical  pressures  compatible  with 
most  pressuremeters  will  not  allow  for  a  high  enough  stressing  of  the  soil  to 
provide  good  values  of  limit  pressure,  P..  Thus,  in  these  types  of  dense  or  soft 
rock  formations,  the  most  accurate  value  determined  from  the  PMT  is  the 
modulus  value,  E  .. 

Thus,  it  can  be  readily  seen  that  the  nature  of  the  soil  or  rock  formation  and  the 
test  results  can  have  a  significant  effect  upon  the  accuracy  of  the  data  obtained 
from  the  PMT. 

To  help  evaluate  the  accuracy  of  the  specific  PMT  curves,   four  general  shapes 
have  been  defined  as  follows  and  as  shown  in  Figure  3. 

Curve-Type  A  -  is  defined  as  having  a  minimum  of  three  points  on  the 
straight  line,  pseudo-elastic  portion  of  the  curve,  having  the  initial  portion 
of  the  pseudo-elastic  curve  begin  at  a  value  of  Q  less  than  1.10 
(220  cm  of  expansion  for  a  BX  size  probe),  and  the  last  point  on  the  curve  is 
75%  or  greater  of  the  limit  pressure  determined  for  the  particular  test. 

Curve  -  Type  B  -  consists  of  at  least  three  points  on  a  straight  line  in  the 
pseudo-elastic  portion  of  the  curve,  a  Q  value  of  one  less  that  1.10  and  the 
last  point  on  the  curve  greater  than  60%  of  the  limit  pressure. 

Curve  Type  C  -  consists  of  at  least  five  points  on  a  straight  line  defining 
the  elastic  modulus,  E,,  a  Q  value  of  less  than  1.10,  but  not  enough 
information  to  accurately  determine  the  limit  pressure  from  a  geometric 
construction. 
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Curve  -  Type  D  -  consists  of  other  curves  which  appear  to  provide 
information  that  may  not  fail  into  the  above  mentioned  categories. 
Examples  of  valid  curves  may  be  those  obtained  in  a  soft  deposit  where 
only  two  points  may  be  defined  in  a  straight  line  portion  for  the  modulus  E  . 
and  yet  the  limit  pressure  may  be  valid,  or  a  situation  where  the  test 
results  indicate  a  progressive  failure  during  testing  and  therefore,  an  odd 
shaped  PMT  curve,  yet  still  one  indicating  valid  information  regarding 
in-situ  conditions. 

The  ideal  PMT  results  would  fall  into  Category  A.  However,  in-situ,  many 
results  will  fall  into  other  categories. 

Determination  of  Limit  Pressure  P. 

Menard  has  defined  the  determination  of  limit  pressure  as  the  asymtotic  shape  of 
the  PMT  curve  where  the  volume  of  the  probe  increases  very  rapidly  (to  infinity) 
under  very  small  increases  in  pressure.  Carrying  the  PMT  to  completion  under 
every  situation  would  result  in  a  burst  membrane  for  every  test.  Since  this  is 
not  generally  feasible,  the  tests  are  carried  to  a  predetermined  volume  and  then 
ended.  For  uniformity,  Menard  defines  the  limit  pressure  as  a  value  where  the 
probe  expands  to  twice  its  normal  size.  When  plotted  on  a  semi-log  curve,  this 
results  in  a  straight  line  and  the  limit  pressure  at  a  value  of  700  cc  (for  a  BX  size 
probe)  it  has  been  arbitarily  defined  as  the  limit  pressure  value. 

The  STS  experience  has  been  that,  in  some  cases,  this  arbitrary  definition  of 
limit  pressure,  P.,  is  appropriate.  However,  in  cases  where  the  PMT  is 
performed  in  a  brittle  or  very  soft  soil,  this  generalized  definition  of  P.  may  be 
inappropriate.  It  is  our  opinion  that  the  most  accurate  definition  of  P.  can  be 
obtained  from  an  extrapolation  of  the  shape  of  the  PMT  curve  where  the 
specifics  of  the  soil  conditions  allow  for  this  extension,  noteably  Type  A  and 
Type  B  curves.  Where  a  curve  falls  into  the  Type  C  or  perhaps  Type  D  category, 
the  Menard  generalization  is  the  best  method  of  determining  the  P.  value. 
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For  Type  A  and  B  curves,  the  difference  between  Menard's  construction  and 
graphical  extrapolation  of  test  data  was  +  5%  for  25  typical  test  curves 
evaluated.  For  a  similar  25  test  curves  of  the  Type  C  and  D  category,  the  range 
was  up  to  +  25%  of  the  Menard  construction,  for  the  graphic  Pi  value. 

Determination  of  Modulus  Value  E  ■ 

The  pressuremeter  modulus  value,  E  .,  is  the  straight  line  portion  of  the  PMT 
curve.  For  all  except  the  softest  soil  conditions,  a  valid  test  will  usually  have 
three  or  four  points  on  a  straight  line  portion,  which  makes  determination  of  the 
modulus  value  relatively  easy.  In  general,  it  is  the  most  accurately  determined 
parameter  from  the  test  curves.  In  a  soft  soil  deposit,  or  a  deposit  which  is 
undergoing  progressive  failures,  the  curve  shape  may  be  non-linear  and  the 
determination  of  Ej  is  somewhat  more  difficult.  This  is  usually  due  to  bore  hole 
disturbance,  sampling  disturbance  or  non-uniform  soils  being  tested. 

Since  the  modulus  value  is  a  volumetric  strain  modulus  based  upon  the  size  of  the 
bore  hole,  it  is  important  that  it  be  determined  only  along  the  straight  line 
portion    of    the    PMT    curve.  The    average    volume    required    in  Menard's 

determination  of  modulus  should  be  taken  as  the  volume  at  the  mid-point  of  the 
straight  line  portion. 

In  some  soil  conditions,  the  rebound  modulus,  E  ,  may  be  determined  by  unloading 
the  soil  sample  a  portion  of  the  way  through  a  test,  and  then  reloading  the 
sample  to  the  end  of  the  test.  The  rebound  modulus,  E  ,  is  the  straight  line  of 
slope  of  the  reload  portion  of  the  test. 

Several  years  ago,  the  ratio  between  the  rebound  modulus  and  the  regular 
modulus  was  thought  to  be  a  way  to  define  the  coefficient  alpha,  OL .  However, 
correlations  do  not  appear  to  be  consistent  and  the  use  of  this  method  to 
determine  alpha  has  generally  been  dropped  by  most  pressuremeter  users. 
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Determination  of  Creep  Pressure  Pf 

The  creep  pressure  is  typically  defined  as  the  point  at  which  the  soil  changes 
from  the  pseudo-elastic  phase  to  the  plastic  phase.  On  a  pressuremeter  curve,  it 
is  typically  at  or  just  beyond  the  end  of  the  straight  line  portion  of  the  curve. 
The  best  determination  of  creep  pressure  can  be  made  by  graphing  the  values  of 
creep  on  a  separate  axis,  i.e.,  creep  versus  pressure.  The  plot  of  the  creep  curve 
typically  has  two  or  more  straight  line  portions.  The  break  point  from  the 
flattest  portion  of  the  curve  to  the  next  zone  is  typically  taken  as  the  creep 
pressure,  P.. 

In  a  moderately  strong,  cohesive  soil  or  a  medium  to  dense  granular  soil,  the 
creep  curve  is  typically  well  defined  and  the  corresponding  creep  pressure  can  be 
quite  accurately  determined.  In  a  very  dense  formation,  the  transition  in  creep 
curve  is  sometimes  quite  gradual,  as  is  the  transition  of  the  pseudo-elastic 

to  plastic  zone  and  the  corresponding  creep  pressure  is  less  accurately  defined. 
In  a     soft  formation,  the  creep  curve  may  or  may  not  be  well  defined  and  the 
corresponding   creep   pressure   determination   may   be    less   accurate   in    these 
conditions. 

Pressuremeter  Correlation  Ratios 

Two  ratios  determined  from  the  test  parameters  are  very  useful  in'  proper 
evaluation  of  the  parameters.      They  are  the  E/P,  ratio  and  the  Pf/Pj  ratio. 

The  E/P,  ratio  is  somewhat  characteristic  of  the  soil  type.  The  softer  or  looser 
the  deposit  the  lower  the  value  of  E/Pj,  typically  in  the  range  of  5  to  8.  For 
normally  consolidated  soils,  the  range  is  on  the  order  of  8  to  12.  For 
overconsolidated  soils,  the  value  is  between  12  and  20,  or  higher.  A  graph  of 
E/P.  versus  log  E  shows  characteristic  trends  for  various  types  of  soil.  This  will 
be  further  discussed  in  the  in-house  research  section  of  this  report. 
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The  Pf/Pi  ratio  is  also  useful  in  evaluating  the  accuracy  of  PMT  results.  This 
ratio  will  typically  be  on  the  order  of  about  0.55.  The  range  is  usually  between 
about  OA  to  0.7.  In  general,  soft  or  loose  soils  have  a  lower  value  of  Pf/Pi 
ratio  and  more  brittle  or  dense  soils,  or  overconsolidated  soils  may  have  a  higher 
ratio. 

The  use  of  the  E/P,  and  Pf/Pi  ratios  are  useful  in  evaluating  Type  C  curves. 
This  is  where  the  modulus  value  E  is  well  defined  and  the  creep  pressure  Px  is 
well  defined  but  the  curve  may  not  have  been  extended  far  enough  to  allow  for 
an  accurate  determination  of  Pi.  Knowing  the  type  of  soil  and  its  approximate 
overconsolidation  ratio,  a  generally  expected  Pf/Pi  ratio  can  be  assumed.  The 
approximate  P.  value  is  obtained  by  dividing  Px  by  the  Pf/Pi  ratio.  A  check  on 
the  approximate  E/P.  ratio  and  correlation  with  Menard's  graphic  construction  of 
P.  will  help  evaluate  the  validity  of  the  P.  value  selected. 

Summary 

The  steps  in  the  most  effective  determination  of  pressuremeter  parameters  from 
test  curves  may  be  summarized  as  follows: 

1.  Graph  the  volume  versus  pressure  curves  and  volume  versus  creep  curves 
(for  corrected  pressure  values). 

2.  Determine  preliminary  values  of  E  ,,  P.  and  Px.  Define  the  general  shape 
of  the  curve  as  A,  B,  C  or  D  as  previously  discussed. 

3.  Calculate  the  E/P!  and  Pf/Pj  ratios. 

k.  Starting  from  the  most  accurately  determined  value  for  each  test,  (e.g.,  E^ 
values  for  Type  C  curves,  or  P.  values  for  Type  D  curves),  re-evaluate  the 
other  parameters  in  conjunction  with  the  E/P.  and  Pf/P.  ratios. 

5.  If,  after  calculating  or  redetermining  the  values  of  E,  P.  and  Px  and 
correlating  with  E/P,  and  Px  and  P.  ratios,  the  parameters  and  ratios  fall 
into  typical  ranges,  the  test  results  can  be  assumed  to  be  representative  of 
the  deposit  tested. 
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5.  IN-HOUSE  RESEARCH 

Through  our  use  of  the  pressuremeter  since  1970,  Soil  Testing  Services,  Inc.  has 
accumulated  a  large  amount  of  data  relating  to  actual  pressuremeter  testing  in 
all  types  of  soil  and  soft  rock.  Wherever  possible,  an  attempt  has  been  made  to 
correlate  the  pressuremeter  parameters  with  standard  laboratory  or  field 
determined  soil  parameters.  We  have  also  tried  to  further  define  pressuremeter 
parameters  in  relation  to  soil  types.  As  a  third  general  area  of  in-house 
research,  we  have  worked  toward  establishing  the  optimum  field  conditions  for 
pressuremeter  testing  and  are  developing  a  bore  hole  formation  instrument  to 
help  to  obtain  more  accurate  results  in  loose  or  soft  soils. 

Correlations  With  Standard  Soil  and  Rock  Parameters 

Correlations  with  soil  shear  strength  are  made  wherever  possible  in  cohesive  soil 
deposits.  This  is  done  by  comparing  the  laboratory  determined  unconfined 
compressive  strength  with  that  defined  by  the  Menard  Formula,  which  is  as 
follows: 


S     =  J_2 

2  Kb  (2) 


The  term  'K,  '  has  been  defined  by  Menard  for  different  values  of  E/P,.  For  a 
cohesive  soil  within  E/P,  equal  to  10,  K.  has  been  defined  as  2.75.  Our 
experience  has  shown  that  K,  can  range  from  between  2A  to  2.8,  with  an 
average  value  being  2.55.  This  has  been  previously  recorded  in  a  paper  by  STS 
personnel  Lukas  and  deBussy  (reference  8,  September,  1976)  and  has  since  then 
been  correlated  with  numerous  other  test  results. 
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Correlations  with  consolidation  test  parameters  have  also  been  demonstrated  by 
Lukas  and  deBussy.  A  correlation  between  the  consolidation  test  constrained 
reload  modulus  D  ,  has  been  defined  in  relationship  to  the  pressuremeter 
modulus,  Ej  as  follows: 


».5  Ed  *  Dc  i   6.0   Ed  (7) 

The  relationship  just  defined  shows  significant  data  scatter,  but  appears  to 
provide  the  approximate  order  of  magnitude  for  the  relationship.  Further  cor- 
relations and  other  geographic  areas  are  being  studied  to  help  to  define  the 
relationship  more  accurately. 


Also,  as  related  to  cohesive  soil,  the  relationship  between  creep  pressure,  P*  and 
the  preconsolidation  of  pressure,  P  ,  has  been  evaluated.  Several  references 
(reference  8  and  11 )  have  defined  the  approximate  relationship  as  follows: 


Pf  "  Pc  (8) 

The  Soil  Testing  Services'  experience  has  been  to  confirm  the  general  relation- 
ship just  given. 

Correlation  with  Standard^  Penetration  Resistance  Values  "N",  have  been 
attempted.  We  have  been  unable  to  define  any  accurate  relationship  between 
limit  pressure,  P.,  versus  'N'  value  or  pressuremeter  modulus,  Ej,  versus  'N'.  In 
general,  as  the  standard  penetration  resistance  value  increases,  the  limit 
pressure  and  modulus  values  increase.  It  is  well  recorded  that  the  relative 
density,  gradation  of  granular  soils,  and  depth  influence  the  standard  penetration 
value.  However,  the  same  constraints  apparently  do  not  effect  the 
pressuremeter  values  in  a  way  which  allow  for  accurate  correlations.  This  may 
be  due  to  the  fact  that  the  pressuremeter  applies  relatively  slow  stresses  in  a 
horizontal  direction  and  the  standard  penetration  split-barrel  sampler  impacts  in 
a  vertical  direction.  In  addition,  the  standard  penetration  resistance  values  have 
been  shown  by  investigators  ( references  1,  9)  to  vary  considerably,  depending  upon 
operational  techniques  and  field  conditions. 
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Even  in  relatively  uniform  soils,  we  have  found  no  relationship  accurate  enough 
to  allow  an  engineer  to  correlate  'N'  values  to  pressuremeter  parameters.  For 
example,  Figure  4a  indicates  standard  penetration  resistance  values  versus  limit 
pressure  values  for  a  uniformly  graded,  micaceous  silt  from  the  Washington,  D.C. 
area.   No  specific  correlations  can  be  observed. 

Correlations  Between  Pressuremeter  Parameters 

The  relative  accuracy  of  the  various  determinations  for  pressuremeter  para- 
meters has  been  discussed  in  preceeding  sections  of  this  report.  Since  values  of 
E  .  and  P.  are  used  throughout  the  basic  Menard  Formulas,  it  is  critical  that  they 
be  properly  evaluated  from  the  PMT  curves.  We  have  found  that  certain 
relationships  appear  to  be  definable  for  various  soil  types.  These  relationships 
can  be  useful  in  definition  of  the  most  accurate  test  results.  The  basis  for  the 
following  correlations  is  approximately  one  hundred  projects  and  over  five 
hundred  pressuremeter  tests. 

A  useful  relationship  can  be  defined  between  E/Pi  versus  log  Ej.  This 
relationship  appears  to  be  linear,  as  shown  in  Figure  4b  for  the  same  Washington, 
D.C.  micaceous  silt  just  described. 

The  slope  of  the  linear  relationship  and  the  position  along  the  log  E  .  scale 
appears  to  change  with  soil  type  and  previous  soil/stress  history.  For  example, 
Figure  5  indicates  curves  for  three  different  kinds  of  silt.  In  addition,  Figure  6 
has  been  drawn  for  normally  consolidated  fill  materials.  The  slope  is  much 
steeper  and  the  position  somewhat  to  the  left  of  the  curves  shown  in  Figure  4. 

Figure  7  shows  on  one  graph  the  various  relationships  which  have  been  observed. 

There  are  several  uses  for  the  curves  just  described.  For  example,  if  a  soil  type 
is  well  known  and  its  apparent  horizontal  stress  history  can  be  anticipated,  the 
appropriate  limit  pressure  value,  P.,  may  be  accurately  defined  for  a  Type  C 
curve  by  establishing  the  relationship  between  'E'  and  'E/P,1  from  a  typical  soil 
type  curve.  By  entering  the  curve  with  the  modulus  value,  the  corresponding 
E/P,  value  can  be  determined  and  consequently,  the  Pj  value. 
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Conversely,  the  approximate  stress  history  of  an  unknown  soil  may  be  approxi- 
mated from  a  Type  A  or  Type  B  pressuremeter  curve  for  cohesive  soils.  By 
knowning  an  accurate  E/Pi  ratio  and  modulus  value,  the  samples'  relative  position 
between  the  "normally  consolidated"  curve  and  the  "highly  overconsolidated" 
curve  can  be  defined  and  the  approximate  stress  history  estimated.  As  further 
data  is  obtained,  families  of  curves  may  be  definable,  resulting  in  more  accurate 
predictions. 

Similar  relationships  have  been  attempted  for  E/P.  versus  log  P.  and  Pf/Pi  versus 
log  Ej.  Similar  relationships,  but  not  as  accurately  defined  as  those  for  E/P, 
versus  log    are  apparent. 

Bore  Hole  Formation 

The  need  for  the  most  accurate  bore  hole  formation  was  recognized  early  during 
the  Soil  Testing  Services'  use  of  the  Menard  Pressuremeter.  We  have  continuously 
tried  to  correlate  the  test  result  accuracy  with  bore  hole  formation.  Evaluations 
have  included  the  Menard  slotted  casing,  hole  formation  by  samplers,  either  thin 
wall  tube  samplers  or  split-barrel  samplers  and  bore  hole  formation  with  special 
cutting  tools. 

We  are  in  the  process  of  developing  a  special  sampler  called  the  "Lukas  Shaver". 
In  this  method  of  operation,  a  rock  bit  using  drill  mud,  which  is  just  smaller  in  dia- 
meter than  the  desired  probe  size,  is  used  to  drill  the  probe  hole.    This  smaller 
diameter  rock  bit  is  followed  on  the  drill  stem  by  a  thin  wall  shaver,  which  does  not 
rotate  as  the  bit  is  extended  in  depth.   The  shaver  is  exactly  the  size  of  the  probe 
hole  desired.      The  process  allows  for  the  drill   mud      and  cuttings  to  flow  up 
between  the  thin  wall  shaver  and  thereby,  minimize  the  bore  hole  disturbance. 
There  is  no  suction  as  the  tool  is  withdrawn  and  the  drill  mud  keeps  the  bore  hole 
open. 
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Another  development  under  study  is  a  modification  of  the  valving  arrangement 
of  the  water  line  to  the  inner  membrane  to  allow  small  pressure  increments  to 
be  applied  to  the  soil.    This  would  be  important  when  testing  soft  soils  at  great 
depths  since  the  pressure  due  to  the  height  of  water  on  the  inner  probe  can  be 
significant  at  the  greater  depths.     Oftentimes,  this  pressure  is  greater  than  the 
creep  pressure,  so  the  initial  portion  of  the  pressuremeter  curve  is  obliterated. 

The  following  table  summarizes  our  best  estimation  of  bore  hole  formation  for 
all  types  of  materials  for  which  we  have  tested. 


TABLE  2  -  TECHNIQUES  FOR  BORE  HOLE  FORMATION  FOR  PRESSUREMETER  TESTING 


SOIL  OR   ROCK  DEPOSIT 


MOST  SUCCESSFUL  METHOD  OF  PROBE- 
HOLE  FORMATION  FOR  BX  PROBE 


Soft  to  Medium  Firm  Clay 
(Qu  <^  1.0  to  1.5  tsf) 
a)  Shallow,  <25' 


b)  Deep,  J  25' 


Stiff  to  Very  Stiff  Clay 
(Qu  <,  4  to  5  tsf) 

Hard  to  Very  Hard  Clay 
(Qu  >_  5  tsf) 

a)  Not  Gravelly 

b)  Gravelly 


Sample  with  2"  diameter  thin-wall  tube 
pushed  2.7'  into  test  stratum;  shave  sides 
with  2.5"  thin-wall  tube  pushed  to  within 
0.2'  of  bottom  of  2"  diameter  pilot  hole  - 
shavings  will  fall  into  bottom  0.2'  and 
suction  upon  retrieval  will  be  minimized; 
use  drilling  mud  below  5' 

Use  drilling  mud;  rock  bitting  with  a  2.37" 
diameter  bit  may  be  better  than  above 
thin-wall  tube  technique  in  squeezing  form- 
ations 

Form  pilot  hole  with  2.0"  diameter  thin- 
wall  sampler,  pushed  2.0';  form  probe  hole 
with  a  2.5"  diameter  thin-wall  tube,  pushed 
2.5' 

Try  same  technique  as  for  very  stiff  clay; 
if  penetration  of  tubes  is  not  sufficient,  use 
a  2.37"  diameter  rock  bit  for  hole  forma- 
tion. 


Use  2.0"  diameter  split-barrel  sampler  to 
form  pilot  hole;  follow  with  2.5"  diameter 
split-barrel  sampler  for  probe  hole. 
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TABLE  2  -  TECHNIQUES  FOR  BORE  HOLE  FORMATION  FOR  PRESSUREMETER  TESTING 
(continued) 


SOIL   OR   ROCK  DEPOSIT 


MOST  SUCCESSFUL  METHOD  OF  PROBE- 
HOLE  FORMATION  FOR  BX  PROBE 


Silts 

a)  Dry,  dense 

b)  Moist,  loose 


Sands 


a)   Loose,  non-water  bearing 


Use  2.5"  diameter  split-barrel  sampler. 

Very  difficult,  usually  experimentation  is 
required  to  define  best  technique;  use 
drilling  mud,  try  2.0"  followed  by  2.5"  split- 
barrel  sampler  or  try  2.37"  diameter  rock 
bit;  2.0"  diameter  auger  may  be  success- 
full  at  shallow  depths,  less  than  10' 


Use     2.5"    diameter    split-barrel    sampler 
driven  2.5'  (no  pilot  hole). 


b)  Loose,  saturated 


Use  normal  to  thick  consistency  drilling 
mud;  drive  2.5"  diameter  split-barrel 
sampler  or  use  2.37"  diameter  rock  bit 
slowly  advandanced  in  low  gear. 


c)  Dense,  non-water  bearing 


Form  pilot  hole  with  2"  diameter  split- 
barrel  sampler;  follow  with  2.5"  diameter 
split-barrel  sampler. 


d)  Dense,  saturated 


Gravel 

a)  Loose  or  open  graded, 
moist  or  saturated 


b)  Dense,  well  graded, 
moist  or  saturated 


Same,  but  use  drilling  mud;     may  require 
2.37"  diameter  rock  bit. 


Very  difficult  due  to  caving;  experimenta- 
tion is  usually  required  to  define  best 
technique;  possibly  try  slotted  casing. 

Same  as  for  dense  sands. 


'Soft"  Rock 


Use  drilling  water  and  2.5"  diameter  rock 
bit  at  a  slow  enough  speed  to  minimize 
stratum  disturbance. 
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VI.   CASE   HISTORIES 

Case  Histories  are  an  excellent  method  to  demonstrate  typical  pressuremeter 
applications  and  methods  of  evaluation.  The  following  case  histories  have  been 
selected  to  be  representative  of  the  prime  uses  of  the  pressuremeter  as  discussed  in 
Section  II.  The  nine  case  histories  which  follow  present  engineering  evaluations 
based  upon  pressuremeter  tests,  including  settlement  calculations,  bearing 
capacity,  soil  shear  strength,  foundation  side  friction,  slope  stability  and  lateral 
resistance  for  piers  and  piles.  Soil  conditions  ranging  from  soft  clays  to  extremely 
dense  hardpan  materials  have  been  discussed  in  these  case  histories. 
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A.   SHALLOW  FOUNDATIONS  OVER  SOFT  SOILS  -  FOOTINGS  ON  SILT 

General 

A  building  in  the  vicinity  of  Schenectady,  New  York  was  used  for  the 
construction  of  large  steam  turbines.  There  are  a  number  of  cranes  that  operate 
in  the  building,  and  the  largest  operating  crane  can  lift  a  100  ton  (90,700  kg) 
load.  Larger  turbines  were  to  be  built  and  it  was  desired  to  lift  a  total  of  200 
tons  (181,400  kg)  by  the  addition  of  another  crane  so  that  both  cranes  could  work 
in  tandem.  Previous  soil  explorations  had  indicated  very  soft  silt  soil  conditions. 
The  pressuremeter  was  suggested  as  an  in-situ  exploration  tool  to  help  evaluate 
the  silty  soils. 

Project  Information 

Spread  footing  foundations  support  the  structure  which  was  constructed  in  1903. 
They  are  situated  on  a  10  to  15  foot  (3  to  5  m)  thickness  of  loose  clayey  silt  that 
is  encountered  below  the  footing  bearing  level.  Miscellaneous  granular  fill  and 
cinders  are  present  above  footing  depth  (7.5  ft.,  2.1  m.)  to  the  floor  slab  level. 

In  general,  the  clayey  silt  on  which  the  foundations  are  bearing  had  a  unit  dry 
weight  of  95  pcf  (1.52  kg/cm  ),  water  contents  between  30%  and  35%, 
unconfined  compressive  strengths  of  0.5  tsf  (0.49  kg/sq.cm)  and  standard 
penetration  blow  counts  of  0  to  5.  The  foundation  loads  transferred  to  the  soil 
bearing  stratum  from  the  exterior  and  interior  columns  were  on  the  order  of  800 
and  1500  psf  (0.39  kg/sq.cm  and  0.73  kg/sq.  cm)  respectively,  prior  to  the 
additional  crane  loads.  These  loads  exclude  short-term  crane  loading.  With  the 
additional  crane  utilized  to  lift  the  heavier  loads,  the  total  foundation  pressure 
would  be  on  the  order  of  2800  psf  (1.37  kg/sq.cm),  two  to  three  times  the  present 
loading. 
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At  the  time  of  the  pressuremeter  testing,  an  inspection  was  conducted  of  the 
exterior  which  indicated  that  the  building  had  performed  adequately  with  regard 
to  differential  movements.  No  major  cracks  were  noted  in  the  brick  walls  and 
only  a  very  few  hairline  cracks  could  be  seen  anywhere  within  the  structure. 

Use  of  the  Pressuremeter 

Even  with  very  careful  sampling  and  handling  procedures,  silty  soils  can  become 
disturbed  upon  removal  from  the  ground.  The  pressuremeter,  because  of  its  "in- 
situ"  test  procedure,  was  used  to  evaluate  more  representative,  undisturbed 
conditions  for  use  in  bearing  capacity  and  settlement  analyses.  A  series  of  five 
tests  was  performed  at  two  interior  locations  within  several  feet,  horizontally  of 
the  spread  footings.  Test  depths  were  selected  to  evaluate  soil  conditions  in  the 
depth  zone  equal  to  about  two  times  the  minimum  footing  dimension.  Tests  were 
concentrated  in  the  lowest  density  soils  within  this  depth  range. 

Results  and  Conclusions 

Conventional  settlement  and  bearing  capacity  analysis  based  upon  the  standard 
penetration  "NM  values  would  have  predicted  substantial  settlements  and  unstable 
bearing  capacities.  Analysis  based  upon  test  data  from  undisturbed,  thin-walled 
samples  indicated  a  safer  condition. 

For  the  increased  loading,  up  to  2800  psf  (1.37  kg/sq.cm)  conventional  bearing 
capacity  analysis  predicted  a  safety  factor  of  1.3  with  regard  to  failure.  Based 
upon  a  more  representative  profile  defined  by  the  pressuremeter  data,  a  safety 
factor  was  calculated  at  2.0.  The  pressuremeter  data  is  summarized  in  the 
following  table: 
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TABLE   3  -  PRESSUREMETER  DATA  SUMMARY 


BORING 

DEPTH 
FT. 

E 
TSF 

Pl 
TSF 

Pf 
TSF 

Pf/Pl 

E/P 

B-2 

11' 

17 

1.8 

0.3 

.17 

9.5 

15' 

36 

3.1 

1.8 

.59 

11.6 

20' 

42 

5.1 

1.8 

.36 

8.2 

25' 

42 

4.3 

1.8 

.42 

9.8 

30' 

35 

4.3 

1.7 

.40 

8.2 

B-24 

10' 

19 

2.2 

0.4 

.18 

8.7 

14' 

28 

3.0 

0.7 

.23 

9.3 

18' 

43 

4.2 

1.4 

.33 

10.2 

24' 

62 

6.5 

2.5 

.38 

9.5 

29' 

66 

9.0 

4.0 

.44 

7.3 

Note:       1  TSF  =  0.96  kg/cni 

The  pressuremeter  limit  pressure  values  along  with  a  bearing  factor  are  utilized 
in  the  bearing  capacity  analysis.  The  bearing  factor  is  dependent  upon  the  soil 
type,  depth  of  embedment  and  the  size  of  the  footing  and  is  obtained  from 
Menard's  Chart.  For  an  average  soil  profile  the  bearing  capacity  calculations  are 
shown  belows: 


%lt  =  %  +  K  (P1  -  Po> 


(A-l) 


where: 


K 

P 


1 


Vt 

qult 


overburden  =  Ifh 

KQ  /h,  where  KQ  =  1 

1.20  from  Menard  Chart  for  Soil  1  category, 

equivalent  Pi  ,  or  geometric  mean  of  Pi   values, 

which  equals  2.46  tsf 

0.48  tsf  +1.20  (2.46  tsf-0.48  tsf) 

2.86  tsf 
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Due  to  the  massive  footing  size,  the  weight  of  the  concrete  should  be  accounted 
for  in  the  net  bearing  value.  This  results  in  a  net  allowable  bearing  value  of  2.73 
tsf. 

The  conclusions  were  that  the  small  increase  in  sustained  dead  loads  from  the 
new  cranes  would  not  cause  any  substantial  change  in  building  performance  with 
regard  to  the  bearing  capacity  failure  or  to  building  settlement.  A  bearing 
capacity  factor  of  safety  of  2.0  as  computed  from  the  ultimate  bearing  capacity 
predicted  for  the  average  condition  by  the  pressuremeter  at  the  anticipated 
maximum  load  increase.  The  computations  based  upon  the  pressuremeter  test 
results  indicated  that  only  a  minor  increase  in  foundation  settlement  would  occur 
from  the  cranes  lifting  the  additional  load  of  the  newer,  heavier  turbines.  If  the 
heavier  loads  were  left  in-place  for  a  long  period  of  time,  a  substantial 
differential  settlement  was  predicted  and  possibly  large  settlements  associated 
with  shear  failures  of  the  soil.  Minor  cracking  of  walls  was  then  predicted. 
Fortunately,  the  new  turbine  loads  would  be  lifted  by  the  cranes  only  six  times  a 
year  for  relatively  short  periods  of  time. 
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B.     DEEP  FOUNDATIONS  SUPPORTED  UPON 

PRECONSOLIDATED  COHESIVE  SOILS 

General 

In  glacial  areas,  the  glacial  till  deposits  are  frequently  highly  preconsolidated  and 
provide  a  good  foundation  bearing  stratum  for  heavy  loads.  The  classification 
and  consistency  of  the  glacial  till  varies  significantly,  especially  on  a  regional 
basis,  but  frequently,  the  tills  are  a  mixture  of  cohesive  and  granular  soils  in  a 
very  dense  state  of  packing.  The  deposits  are  difficult  to  sample  by  conventional 
techniques  because  the  Standard  Penetration  Resistance  Values  are  frequently  in 
excess  of  60  blows  per  foot  and  it  is  difficult,  if  not  impossible,  to  advance  un- 
disturbed sampling  devices  into  this  type  of  formation.  When  representative 
samples  are  obtained,  sample  preparation  is  quite  difficult  because  of  the 
presence  of  gravel  particles  within  the  sample  and  the  brittle  nature  of  the 
material.  Design  of  foundations  bearing  upon  these  deposits  is  frequently  based 
upon  the  Standard  Penetration  Resistance  Value  and  the  water  content  modified 
by  judgement  and  local  practices.  Settlement  estimates  for  foundations  bearing 
upon  these  deposits  have  been  based  upon  past  experience. 

The  results  of  pressuremeter  tests  performed  within  these  deposits  allow  geo- 
technical  engineers  to  calculate  bearing  capacity  and  make  settlement  predic- 
tions on  a  more  rational  basis.  The  ultimate  bearing  capacity  is  a  function  of 
the  limit  pressure  of  the  soil  and  the  settlement  is  a  function  of  the  modulus  of 
elasticity.  Both  of  these  values  can  be  measured  in  these  deposits,  even  though 
the  soil  may  range  from  a  silty  to  a  cohesive  granular  texture,  with  or  without 
gravel  particles   in  the  soil  matrix. 
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Project  Information 

Within  the  Chicago  area,  a  very  dense  till  deposit  is  present  at  a  depth  of  about 

80  feet  (24  meters)  below  the  ground  surface  with  bedrock  being  located  20  feet 

(6  meters)  deeper.     This  deposit  (locally  referred  to  as  "hardpan")  is  classified  as 

a  silty  clay  to  clayey  silt  containing  varying  proportions  of  sand  and  gravel  with 

occasional  cobbles  and  boulders.      The  unconfined  compressive  strength  of  this 

2 
deposit  is  greater  than  7  tsf  (6.7  kg/cm  ).     The  unit  dry  weight  is  on  the  order  of 

125  to  133  pcf  (2.00  to  2.13  kg/cm  )  and  the  natural  water  content  is  generally  in 

the  range  of  10%  to  15%. 


Most  of  the  high-rise  buildings  within  the  range  of  10  to  75  stories  in  height  are 
supported  upon  drilled  piers  extended  to  the  top  of  this  hardpan  deposit.  Two 
particular  buildings  have  been  selected  to  illustrate  the  value  of  the  pressure- 
meter  in  allowing  settlement  predictions  to  be  made  for  such  structures.  One 
project  involved  a  50-story  building  with  column  loads  ranging  from  2000  to 
3000  kips  (907  to  1360  metric  tons)  and  a  net  design  soil  bearing  pressure  of 
12  tsf  (11.2  kg/cm  ).     The  second  project  consisted  of  a  75-story  structure  with 

column   loads  of   16,000  kips  (7250  metric  tons)  and  a  net  design  soil  bearing 

2 
pressure  of  14.5  tsf  (13.9  kg/cm  ). 


Project  Results  and  Conclusions 

Settlements  of  the  foundations  were  calculated  by  assuming  that  each  drilled 
pier  was  sufficiently  far  from  the  adjacent  pier  base  to  be  considered  an  isolated 
foundation.  It  was  assumed  that  nearly  all  settlement  would  occur  in  the  hardpan 
and  not  in  the  firm  bedrock.  The  calculations  were  based  upon  Menard's  Formula 
for  settlement,  as  follows: 

W  =  W2  +  W3=^(P)Ro(x2|of+^EdNR 
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Where: 


P  =     Mean  contact  stress  added  to  the  soil  by  the  rigid  footing,  kg/sq.cm 

R  =    Reference  length  equal  to  30  cm 

E  ■  =   Pressuremeter  modulus  of  the  soil,  an  average  value  was  taken  of  the 

hardpan  tests  at  the  bearing  elevation   kg/sq.cm. 
QL    =  Coefficient  dependent  upon  the  nature  of  the  soil  and  the  ratio  of  E/P 
X?    A3  -  Shape  of  foundation  coefficient 
R  =     Radius  of  foundation,  cm 

An  example  calculation  for  the  50-story  structure  is  as  follows; 


W=    (Wk^/sq.cm.       01.7  Kg/sq.cm)   (30  cm)   (1.12^^)    '" 


+  4.5  (40i  kg/sq.cm)   (11'7  kg/s*cm)  (hl)  (170  cm) 


W  =  .97  +   .60   cm  =    1.57   cm  =   .62  in. 

The    following    table    summarizes    the    observed    and    pressuremeter    predicted 
settlements. 
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TABLE  4  -  SETTLEMENT  OF  50  &  75  STORY  BUILDINGS 


Location 
(1) 

Net  Soil  Bearing 
Pressure  in  Tons 
Per  Square  Foot 
(2)       (2) 

Settlement  in  Inches 

Pressuremeter               Measured 
Prediction          Range           Average 
(3)                    (4)                   (5) 

75  Story  Building 

Tower 

14.5 

2.00 

1.69-2.19      1.94 

Perimeter 

10.0 

1.25 

1.13-1.63      1.37 

50  Story  Building 

Tower 

12.0 

0.62 

0.48-0.54     0.50 

Note:      1  ton  per  square  foot  =  .96  kg/sq.cm 
1  inch  =  2.54  cm 


Summary 

The  close  agreement  between  the  predicted  and  measured  settlements  illustrates 
the  usefulness  of  the  pressuremeter  tests  and  the  semi-empirical  rules  of  calcu- 
lation developed  to  estimate  settlements  of  preconsolidated  cohesive  soils. 
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C.   SUGAR   STORAGE   SILO 

BEARING  CAPACITY  EVALUATION 

General 

In  stratified  cohesive  soil  deposits,  there  are  frequently  layers  of  softer  clay  soils 
interbedded  with  firm  or  consolidated  soils.  When  heavy  loads  are  supported 
upon  these  deposits,  the  bearing  capacity  and  compressibility  of  the  softer 
formations  is  of  vital  concern.  In  most  cases,  conventional  laboratory  tests, 
including  unconfined  compression  and  consolidation  tests  are  adequate  to  de- 
termine the  properties  of  these  deposits.  However,  there  are  occasions  when 
these  deposits  contain  a  high  proportion  of  sand  and/or  silt  pockets  or  seams  and 
the  results  of  the  conventional  tests  may  not  be  representative  of  the  entire  soil 
stratum.  Pressuremeter  tests  performed  within  these  deposits  frequently  yield 
different  parameters  than  one  would  assume  from  the  conventional  tests.  Usual- 
ly, the  pressuremeter  indicates  a  higher  shear  strength  and  lower  compressibility 
than  one  would  assume  from  the  conventional  tests  and  frequently,  this  makes  the 
difference  as  to  whether  the  project  is  feasible. 

Project  Information 

A  116  foot  (35  meter)  diameter  sugar  silo  was  planned  for  an  area  where  a  low 
strength  sandy  silty  clay  was  present  within  the  depth  range  of  35  to  72  feet  (11 
to  22  meters)  below  the  ground  surface.  The  soils  above  and  below  this  level 
were  firm  and  relatively  incompressible  clayey  soils.  The  silo  was  to  be 
supported  on  a  mat  foundation,  except  for  a  ring  wall  to  support  the  perimeter 
wall.  The    unit    contact    pressure    at    the    base    of    the    silo    was    4800  psf 

(2.3  kg/cm2). 

Two  and  three  inch  diameter  shelby  tube  specimens  were  obtained  in  the  low 
strength  clayey  deposit  and  the  unconfined  compressive  strength  was  determined 
to  be  in  the  range  of  0.4  to  0.9  tsf  (0.4  to  0.9  kg/cm  ).  The  highest  strength 
samples  had  water  contents  in  the  range  of  15%  to  20%  and  the  lower  strength 

41 


samples  had  water  contents  in  the  range  of  25%  to  32%.  Conventional  bearing 
capacity  theory  based  upon  shear  strengths  from  the  confined  compressive 
strength  results  indicated  that  a  factor  of  safety  of  less  than  3  would  result  when 
the  silo  was  fully  loaded.  Because  of  the  risky  nature,  additional  borings  were 
made  at  the  site  using  pressuremeter  tests  within  the  low  strength  clayey 
despoits. 

Results  and  Analysis 

The  shear  strength  from  the  pressuremeter  tests  were  calculated  by  the  follow- 
ing formula: 


PrP0  =  5.5c 


(C-l) 


A  summary  of  the  shear  strength,  as  determined  from  the  laboratory  unconfined 
compression  tests  and  calculated  from  the  pressuremeter  tests,  is  summarized  in 
Table    5    as  follows: 


Soil  Strata 


TABLE  5  -  COMPARISONS  OF  LAB  &  PRESSUREMETER 

TESTS  ON  SHEAR  STRENGTH  -  LAYERED  SOILS 

Shear  Strength   in   tsf 
Depth  Laboratory  Pressuremeter 

in  Ft.        Unconfined  Test  Field  Test 


Preconsolidated 
Silty  Clay  Crust 

Normally 

Silty  Clay 


15 
29 

44 
54 
68 


11.8+ 
3.2 

0.8 
0.8 
0.7 


14.0 
3.9 

2.6 
2.5 
3.4 


Notes:    1  Foot  =  0.30  Meter 
1  tsf     =  0.96  kg/cm' 
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The  undrained  shear  strengths  calculated  from  the  pressuremeter  tests,  are 
significantly  above  those  from  the  laboratory  tests  and  are  as  much  as  three  to 
four  times  greater.  This  is  significantly  greater  than  most  correlations  between 
shear  strength  by  pressuremeter  testing  and  conventional  testing.  It  may  be 
possible  that  the  higher  strength  is  due,  in  part,  to  the  presence  of  the  sand  and 
silt  content  within  the  clay  or  thin  silt  and  sand  seams.  The  presence  of  a  high 
sand  content  or  silt  and  sand  seams  within  the  laboratory  samples  could 
significantly  affect  the  strength  results. 

The  pressuremeter  test  results  were  also  used  in  computations  of  the  bearing 
capacity  for  the  silo  structure.  Conventional  analysis  using  the  bearing  capacity 
formula  was  determined  using  strength  values  from  the  pressuremeter  test  as 
well  as  from  the  conventional  laboratory  tests.  The  results  were  compared  to 
the  bearing  capacity  using  the  Menard  Pressuremeter  Formula  as  follows: 

Vt     =K(PrP0)  +  qo  (C-2) 

Where  "K1  equals  the  "depth  of  foundation  factor"  which,  in  this  case,  is  taken  as 
0.8  for  a  shallow  mat  foundation.     Menard  (reference  9)  defines  values  of  'K' 
for  various  types  and  depths  of  foundations. 

TABLE     6    -  BEARING   CAPACITIES   COMPARISONS 

*■  i  i-  —  ■■■,,.    ,  ■    -       ...         —  i  ■  '  —■—■■■■  -'•<•' 

BASIS   OF   ANALYSIS  FACTOR   OF   SAFETY 

»  — -■ • 

Using  Conventional  Analysis  &  _  n 

Pressuremeter  Determined  Shear  Strength 

Using  Conventional  Analysis  &  ~  „ 

Average  Laboratory  Shear  Strength 

Using  Pressuremeter  Formula  &  3.6 

Pressuremeter  Shear  Strength 
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Settlement  analysis  by  the  pressuremeter  formula  predicted  about  0.3  feet 
(0.1  meter)  of  settlement  with  about  30%  of  the  value  as  differential  between 
the  center  and  exterior  ring  wall  foundation.  Previous  predictions  based  upon 
conventional  analysis  estimated  1.0  feet  (0.3  meter)  of  settlement  near  the 
center  of  the  silo. 

Summary 

The  higher  in-situ  shear  strength  predicted  by  the  pressuremeter  test  results 
resulted  in  an  adequate  calculated  bearing  capacity  of  the  structure.  In 
addition,  the  predicted  settlement  was  within  the  tolerable  range  and  hence, 
construction  was  initiated.  The  results  to  date  indicated  that  the  settlement  is 
approximately  the  amount  predicted  by  the  pressuremeter  theory. 
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D.   STABILITY  ANALYSIS  OF  A  ROADWAY  EMBANKMENT  SLOPE 

General 

An  underground  parking  garage  was  constructed  adjacent  to  an  existing  highway 
embankment.  To  construct  building  foundations  and  a  grade  beam  parallel  to 
the  embankment,  it  was  necessary  to  steepen  the  slope  of  the  embankment  to  1:1 
(horizontal  to  vertical).  Before  the  work  was  started,  a  slope  stability  analysis 
was  performed  and  it  was  determined  that  the  slip  circle  for  deep  seated  failure 
was  in  silty  clay  roadway  embankment  fill.  Pressuremeter  testing  was  suggested 
to  evaluate  the  shear  strength  of  the  silty  clay  fill,  as  unconfined  compressive 
strength  tests  were  not  considered  to  be  the  most  representative  of  the  shear 
strength  of  the  fill.  The  in-situ  pressuremeter  test  stresses  a  larger  area  and 
would  give  a  more  representative  value  of  the  shear  strength  of  the  potentially 
variable  fill  deposits. 

Project  Information 

To  construct  caissons  and  grade  beams  adjacent  to  the  embankment,  a  28  foot 
(8.5  meter)  deep  cut  into  the  side  of  the  embankment  was  required.  The  geo- 
metry of  the  cut  and  the  soil  conditions  are  shown  in  Figure  D-l.  Pressuremeter 
tests  were  performed  in  the  silty  clay  fill  deposit  encountered  between  elevation 
+  14  feet  and  -18  feet,  Chicago  City  Datum  (CCD).  Three  of  the  tests  were 
performed  between  elevation  +10  and  elevation  0  CCD,  in  the  lowest  strength 
zone. 

A  test  pit  was  excavated  into  the  side  of  the  proposed  cut  to  obtain  visual 
information  with  regard  to  a  1:1  slope.  Due  to  a  buried  pipeline,  the  test  pit  had 
to  be  sloped  to  a  1.5:1  (horizontahvertical)  average  slope.  The  sides  of  the  slope 
appeared  fairly  stable,  except  for  some  minor  sloughing  and  ravelling  of  fill 
deposits  above  elevation  +20  feet  CCD,  where  the  fill  was  primarily  granular. 
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Results 

The  pressuremeter  test  results  in  the  critical  clay  fill  zone  and  shear  strengths 
are  summarized  in  the  following  table. 

TABLE  7   -  PRESSUREMETER  DATA  SUMMARY  -   CLAY  FILL  SOILS 

Elevation  (ft)  P,  (tsf)  Prt  (tsf)        E/P.  c  (tsf) 

i  o  i 


+   10 

2.00 

0.18 

7.5 

0.36 

+     5 

3.75 

0.25 

7.5 

0.69 

+     0 

3.25 

0.25 

7.7 

0.59 

Average 

3.00 

0.23 

7.5 

0.55 

Note:      1   tsf     =     0.96  kg/cm2 


The  shear  strength  is  calculated  by  the  experimental  relationship  of: 

PrP0=   5.1c  (D-l) 

The  coefficient  of  5.1  is  slightly  less  than  predicted  by  Menard's  theory. 
According  to  Menard,  the  coefficient  should  be  5 A,  which  is  based  upon  E/Pj 
ratio.  The  experimental  relationship  was  obtained  by  comparing  values  of  shear 
strength  obtained  from  unconfined  compressive  strength  tests  from  previous  jobs 
in  the  same  geographic  area. 

The  average  shear  strength  from  the  pressuremeter  tests  was  taken  to  be  .5  tsf 
(.5  kg/sq.cm).  The  other  shear  strength  parameters  and  unit  densities  for  the 
various  fills,  sand  and  underlying  natural  clay  layers  are  summarized  on 
Figure  8  .  The  stability  analyses  were  performed  on  a  computer  using  the 
Simplified  Bishop  Method  of  Slices  analysis.  Two  cases  were  analyzed,  the  first 
being  the  proposed  1:1  (H:V)  cut  and  the  second  being  a  1.5:1  cut.  The  safety 
factors  were  1.53  and  1.58,  respectively. 
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It  was  recommended  that  the  1:1  slope  be  utilized.  Some  shallow  surface 
sloughing  was  anticipated  in  the  miscellaneous  fill  zone.  It  was  recommended 
that  this  zone  be  stabilized  by  driving  short  soldier  piles  and  using  wood  lagging 
for  support.  Also,  the  cut  slope  was  to  be  blanketed  with  polyethelene  sheets  to 
minimize  surface  ravelling  and  erosion  due  to  drying,  wind,  precipitation  and 
surface  runoff. 

As  a  further  precaution,  it  was  recommended  that  the  slope  be  monitored  by 
inclinometers  to  evaluate  lateral  movement  which  may  occur.  Figure  9  is  a 
plot  showing  lateral  movement  of  the  slope  toward  the  excavation. 

The  excavation  and  slope  were  stable  during  construction  of  the  building  founda- 
tions and  grade  beams.  The  pressuremeter  shear  strength  utilized  in  the 
stability  analysis  accurately  predicted  the  soil  parameters  for  use  of  the  slope 
stability  analysis.  The  movements  and  settlements  were  consistent  and  expected 
for  the  safety  factors  that  were  computed. 
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NOTE:     I  FT  =  0.3m 

100  PCF  =  1.60  kg/cm 

SCALE:    HORIZ.a  VERT. 
ARE  THE  SAME 

,1  UNIT  , 


IOFT=  3M 


ELEV.   (CCD) 
4    40^ 

4    30 

■*-  20 


,  INCHES, 

r — i 

0.5         0 


+  40  (TOP  OF  SIDPE) 


+ 1 2  BASE  OF  CUT 


Ik 
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FINAL  CUMULATIVE  LATERAL^ 
DEFLECTION  PROFI LE  OF  I N  -  \ 
CUNOMETER  CASING.  \ 


60- 


BR1CK.CLAY     8 
SAND  FILL 


TOUGH  CLAY  FILL 


SILTY  CLAY  FILL 
STIFF  TO  VERY  TOUGH 


FINE  SAND 


MEDIUM  aLTYCLAY 


STIFF  SILTY  CLAY 


FIGURE  9  -    INCLINOMETER  MOVEMENT  TOWARD  EXCAVATION  THROUGH 
CLAY   FILLS 
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E.     SHOPPING  CENTER  CONSTRUCTED 
IN  AN  OLD  REFUSE  LANDFILL 


General 


In  old  landfill  sites,  the  classification  and  relative  density  of  the  fill  materials  is 
quite  heterogeneous.  After  a  sufficient  length  of  time,  the  compressible 
materials  have  partially  or  totally  decomposed,  leaving  the  relatively  inert 
substances  plus  fine  grained  materials,  which  are  the  results  of  the  decomposi- 
tion. The  inert  substances  consist  of  glass,  metal  fragments,  rubber  products  and 
masonry,  including  brick.  There  are  also  pieces  of  wood  or  leather  which,  given 
a  sufficient  length  of  time,  would  also  become  decomposed.  Determining  the 
properties  to  predict  behavior  of  these  materials  under  loads  is  very  difficult. 
The  conventional  means  of  subsurface  exploration,  such  as  split-barrel  sampling 
or  the  thin  wall  shelby  tube  sampling  are  not  reliable.  The  large  particles  within 
the  fill  affect  the  penetration  resistance  value  and  there  is  not  enough  cohesion 
for  these  particles  to  hold  together  when  extruded  from  the  shelby  tube. 

To  obtain  design  parameters  for  hetrogeneous  fills,  in-situ  testing  is  necessary. 
The  pressuremeter  is  an  excellent  tool  that  can  be  used  to  determine  fill  pro- 
perties for  bearing  capacity  and  settlement  predictions.  A  larger  number  of 
tests  is  required  to  determine  the  average  properties  of  fill  as  compared  to  the 
number  of  tests  required  for  normal  soil  deposits.  This  is  because  of  the 
extreme  variations  that  can  occur  in  both  horizontal  and  vertical  directions. 

Project  Information 

A  former  clay  pit  near  the  western  edge  of  a  large  metropolitan  area  was  used  as 
a  landfill  site.  The  clay  mining  extended  to  a  level  ranging  from  40  to  60  feet 
(12.2  to  18.3  meters)  below  prevailing  grade.  Refilling  of  the  pit  started  in  1930 
and  was  completed  in  1949.  All  types  of  materials  were  dumped  into  the  fill 
because  of  the  lack  of  zoning  restrictions  during  that  time.     The  landfill  included 
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ordinary  refuse,  tree  stumps,  broken  concrete  and  asphaltic  materials  from 
pavements,  clay  from  nearby  excavations,  cinders  from  coal  buring  and  masonry, 
including  brick  from  demolished  buildings.  The  site  remained  undeveloped  from 
1949  to  1975.  The  ground  surface  was  irregularly  shaped  and  a  profile  through 
the  site  would  resemble  a  sine  wave  with  about  2/3  of  the  site  filled  to  a  height 
as  much  as  100  feet  (30.5  meters)  above  the  prevailing  grade.  The  remaining  1/3 
of  the  site  had  no  landfill  placed,  so  the  ground  was  60  feet  (18.3  meters)  below 
the  prevailing  grade.  In  1975,  the  land  was  investigated  for  development  as  a 
shopping  center. 

The  investigation  included  pressuremeter  tests  in  the  existing  landfill  materials 
plus  pressuremeter  tests  performed  within  test  strips  of  compacted  site 
materials. 

The  pressuremeter  tests  indicated  that  in  the  existing  landfill,  the  limit  pressure 
and  pressuremeter  modulus  varied  considerably,  but  generally  both  values 
improved  with  increasing  depth.  This  was  anticipated  since  the  deposits  can  be 
considered  to  be  normally  consolidated  and  the  degree  of  consolidation  increases 
with  increasing  depth. 

The  pressuremeter  tests  performed  in  the  compacted  test  strips  indicated  limit 

2 
pressures  on  the  order  of  10  to  13  tsf  (kg/cm  )  and  modulus  values  on  the  order 

2 
of  125  tsf  (kg/cm  )  were  possible  if  the  material  was  placed  as  a  controlled  com- 
pacted   fill.  Project    specifications    required    lifts    not    exceeding    1.0  feet 
(0.3  meter)  thick  and  compacted  to  a  minimum  of  95%  of  the  maximum  density, 
determined  by  ASTM  D-l 557  test  procedures. 

Conclusions  and  Results 


Primarily,  on  the  basis  of  the  pressuremeter  test  results,  it  was  concluded  that 
the  shopping  center  project  could  be  constructed  utilizing  shallow  spread  footing 
foundations.      The  top  of  the  existing  landfill  was  to  be  cut,   placed  and  compact- 
ed in  low  ground  where  no  landfill  existed.       Pressuremeter  tests  performed 
within  the  compacted  backfill  indicated  limit  pressure  values  and  modulus  values 

51 


comparable  to  those  which  were  achieved  with  the  test  section.       In  the  cut 

2 
areas,   the   limit   pressures  at   the   final  grade  were  5  to  7  tsf  (kg/cm  )  with 

2 
modulus   values   on    the   order   of   60   to  80  tsf  (kg/cm  ).        These   values  are 

indicative   of   a   medium    dense   condition   that   was  achieved   because   of  the 

surcharge  effect  of  the  top  of  the  hill  which  was    removed    to    fill    in    the    low 

ground. 


In  the  transition  areas  where  there  was  neither  significant  cut  or  fill,  limit 

2 
pressure  values  of  3  to  5  tsf  (kg/cm  )  and  modulus  values  on  the  order  of  25  tsf 

2 
(kg/cm  )  were  measured  with  the  pressuremeter  test. 


In  the  transition  areas,   the  foundation  support  conditions  were  improved  by 

densifying  the  soils  through  dynamic  compaction.      The  pressuremeter  was  used 

to  determine  the  effectiveness  of  the  dynamic  compaction  operations.       The 

densification  continued  until  a  minimum  limit  pressure  of  5.5  tsf  (kg/cm  )  and  a 

2 
minimum  modulus  of  50  tsf  (kg/cm  )  was  obtained  below  the  proposed  footing 

level.  These    values    were    selected    on    the    basis    of    bearing    capacity 

considerations  and  a  limiting  predicted  differential  settlement  between  adjacent 

columns  of  1/2  inch  (1.3  cm). 


The  alternative  to  using  spread  footings  would  have  been  to  extend  the  founda- 
tions by  means  of  drilled  caissons  or  piles  to  levels  of  50  to  80  feet  (15.3  to 
2kA  meters)  below  the  floor  slab  grade.  This  foundation  alternative  w0uld  have 
rendered  the  project  to  be  non-feasible  from  an  economic  standpoint. 

The  first  phase  of  the  shopping  center  was  completed  in  1976  on  the  compacted 
portions  of  the  landfill.  Settlements  were  found  to  range  from  near  0  to 
5/8  inch  (0  to  1.5  cm).  This  agrees  with  the  settlement  predictions.  The  second 
phase  of  the  project  in  the  cut  and  transition  areas  is  currently  under 
construction  and  long  term  settlement  readings  are  not  available. 
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F.   DRILLED   CAISSON   LOAD   TESTS 

General 

Drilled  caisson  foundations  are  frequently  utilized  to  support  heavy  structures. 
Many  caisson  foundations  are  designed  strictly  as  end-bearing  and  a  bell  may  be 
constructed  at  the  bottom  to  enlarge  the  bearing  area.  Any  contribution  of  side 
friction  to  the  total  bearing  capacity  is  typically  neglected  along  the  shaft  of  a 
belled  caisson  where  the  shafts  extend  through  low  strength  deposits.  In  some 
instances,  straight  shaft  caissons  are  extended  into  hard,  dense  soil  but  because 
of  the  inability  to  construct  bells  in  this  material,  or  because  high  end  bearing 
capacities  in  deeper  strata  are  possible,  a  bell  is  not  needed.  In  these  instances, 
side  friction  in  the  dense  soils  can  significantly  increase  the  load  capacity. 

In  order  to  obtain  information  about  end  bearing  and  side  friction  for  caissons, 
three  caisson  load  tests  were  conducted  on  the  near-south  side  of  Chicago.  The 
caissons  were  loaded  as  1)  end-bearing,  2)  side  friction  only  and  3)  end-bearing 
and  side  friction.  Pressuremeter  tests  were  performed  in  borings  drilled  near  the 
test  caissons  to  compare  predictions  of  settlement  and  bearing  capacity  with 
what  was  observed  in  the  caisson  load  tests.  Caisson  load  tests  presented  an 
excellent  opportunity  to  correlate  actual  foundation  performance  with  regard  to 
Menard's  formulas. 

Project  Information 

The  soil  strata  at  the  site  consisted  of  fine  sand  to  a  depth  of  20  feet 
(6.1  meters),  which  was  underlain  by  moderate  to  low  strength  silty  clay  to  a 
depth  of  approximately  51  feet  (15.6  meters).  Hard  silty  clay  till  with 
occasional  layers  of  dense  and  extremely  dense  silt  and  sand  was  present  below 
the  low  strength  clay.  This  zone  extended  to  the  top  of  the  rock  surface, 
approximately  at  a  depth  of  70  feet  (21  meters).  The  strength  of  this  layer 
increased  with  depth. 
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Test  Caisson  Arrangement  &  Instrumentation 

The  bearing  caisson  was  achieved  by  augering  a  2.5  feet  (0.7  meter)  diameter 
shaft  full  depth  to  the  bearing  elevation,  51  feet  (15.6  meters)  and  pouring  a 
short  concrete  plug  (1.3  feet,  0.4  meter)  setting  a  2  foot  (0.6  meter)  diameter 
corrugated  metal  casing  on  the  concrete  plug  and  filling  the  casing  with  concrete 
and  then  filling  the  annular  space  between  the  soil  and  the  casing  with  bentonite 
slurry.  The  friction  caisson  consisted  of  a  2  foot  (0.6  meter)  diameter  shaft  with 
a  void  at  the  bottom  of  the  hole  at  the  desired  bearing  elevation.  The  void  was 
created  by  means  of  a  plywood  board  about  the  same  diameter  of  the  shaft  and 
an  inflatable  doughnut-shaped  innertube,  which  had  sufficient  air  pressure  to 
support  the  head  of  concrete.  However,  the  validity  of  this  method  was  in  doubt 
and  the  results  not  given  high  significance  in  the  analysis  which  follows.  The 
combined  end-bearing  and  friction  caisson  was  a  2  foot  (0.6  meter)  shaft  that  was 
augered  to  the  bearing  level  and  the  entire  shaft  filled  with  concrete. 

The  caissons  were  instrumentated  by  installing  telltales  in  order  to  measure  the 
movement  of  the  bottom  of  the  caisson,  relative  to  the  top.  Deflection  gages 
were  used  to  measure  the  movement  of  the  caisson  bearing  plate  and  telltales. 
Caisson  load  test  results  are  shown  in  Figure  10  . 

Results  and  Conclusions 

Pressuremeter  tests  were  performed  in  borings  near  the  test  caissons  above 
the  bearing  stratum  as  well  as  in  the  bearing  stratum. 


Shear  Strength 

The  pressuremeter  predicted  shear  strength  in  the  general  soil  profile  agreed  with 
the  laboratory  determined  unconfined  compressive  shear  strength,  although  it  was 
as  much  as  33%  higher  in  the  bearing  stratum.  This  may  be  the  result  of  the  in-situ 
nature  of  testing;  laboratory  samples  are  typically  slightly  disturbed  especially  for 
very  hard  soils. 
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TABLE  8  -  COMPARISON  OF  LAB  &  PRESSUREMETER  TEST 
SHEAR  STRENGTH  -  GLACIAL  FILL  &  HARDPAN 


Soil  Strata 


Pressuremeter  Predicted 
Shear  Strength  (tsf) 


Average  Unconfined 
Shear  Strength  (tsf) 


Very  Stiff  Silty  Clay 
Hard  Silty  Clay 
Silty  Clay  Hardpan 


0.8 
2.8 
7.2 


0.6 
2.9 
6.0 


Note:       1    tsf   =   0.96   kg/cm 

Bearing  Capacity 

The  capacity  of  the  end-bearing  caisson  was  calculated  by  conventional  theory 
and  by  Menard's  formulas.  Conventional  theory  used  in  the  Chicago  area  is 
based  upon  Skempton's  research,  which  indicated  the  ultimate  bearing  capacities 
should  be  about  nine  (9)  times  the  cohesion.  For  cohesion  taken  as  one  half  of 
the  unconfined  compressive  strength  of  the  soil,  the  theory  would  indicate  a 
maximum  end-bearing  capacity  of  about  25%  below  that  noted  in  the  load  test, 
when  the  unconfined  compressive  strength  is  averaged  in  the  zone  3  diameters 
above    and    3  diameters    below    the    bearing    level.  When    the    unconfined 

compressive  strength  at  the  bearing  level  only  was  used,  the  predicted  bearing 
capacity  was  identical  with  the  capacity  noted  in  the  field  test. 

Menard's  bearing  capacity  theory  is  based  upon  the  following  formula: 


"ult  =  K<P,  -  P0>  ♦  % 


where: 


Vt    = 
K 

Pl        = 


ultimate  bearing  capacity 
bearing  capacity  factor 
limit  pressure 
at-rest  horizontal  pressure 


overburden    pressure 
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For  a  bored  pile,  the  bearing  factor  would  be  3.2  according  to  Menard.  Also,  it 
is  necessary  to  determine  an  equivalent  limit  pressure,  based  upon  the  soil  within 
the  zone  3  diameters  above  and  3  diameters  below  the  bearing  level.  Based  on 
these  two  considerations,  the  ultimate  bearing  value  predicted  by  Menard  was 
about  77%  greater  than  that  noted  in  the  load  test.  Backfiguring  a  bearing 
factor  results  in  k  =  to  2.0  rather  than  3.2.  This  reduction  in  k  tends  to 
correlate  with  Menard's  approach  in  that  the  confinement  of  the  foundation  is 
critical  to  the  bearing  capacity  factor.  The  end-bearing  caisson  was  constructed 
with  a  lack  of  confinement  in  the  annular  space  around  the  caisson  shaft.  When 
the  Menard  formulas  are  recalculated  assuming  a  limit  pressure  of  1  above  the 
bearing  level,  the  equivalent  limit  pressure  calculated  results  in  an  ultimate 
bearing  capacity  of  about  27%  below  that  realized  in  the  field  load  test. 

The  results  of  the  bearing  capacity  predictions  are  shown  in  Table  9    . 


57 


TABLE  9  -  CAISSGN  LOAD  TEST  RESULTS 


FIELD   LOAD  TESTS 


END 

BEARING 

CAISSON 

(2.5  ft.  dia.) 

(1) 


FRICTION 
CAISSON 
(2.0  ft.  dia.) 
(2) 


FRICTION 
PLUS  END 
BEARING 
(2.0  ft.  dia.) 
(3) 


Ultimate  Load 

BEARING  CAPACITY  EVALUATION 

Conventional  Theory 
<%lt  =  9c> 

1)  c  from  +  3  diameters 
of  bearing  level 

2)  c  at  bearing  level  only 
Pressuremeter  Theory 

(<ult 

3)  Using  equivalent  P.  from 
+  3  diameters  of  bearing 
level  K=3.2  for  drilled  pier 

4)  Using  equivalent  P.  from 
0  to  -3  diameters  of  bear- 
ing level,  K  =  0.8  for 
"surface  foundation" 


275  tons 
(56  tsf ) 


164  tons 
(  1.2  tsf) 


3*0  tons 


q    + 
^o 


KCprp^ 


SIDE  FRICTION  EVALUATION 


Conventional  Theory 
(S=2VR{C)) 

1)  For  total  friction 
mobilization  C    ■  1.0 

2)  For  probable  friction 
mobilization,  C    =  0.5 

Pressuremeter  Theory 
(From  Menard  Charts) 

3)  Along  full  shaft  length 

4)  Along  full  shaft  length 
excluding  zone  0  to  +3 
diameters  above  bearing  level 


46  tsf 
5*  tsf 

104  tsf 
39  tsf 


NOTE: 

i  ft  = 

1  ton= 
1  tsf= 


0.305  m 
8.9  kN 
95.8  kPa 


413  tons 


206  tons 


157  tons 
111  tons 


COMBINED  CAISSON  ANALYSIS 
Field  Load  Test 


Conventional  Theory 


275  tons 
(56  tsf) 


164  tons 
(l.2tsf) 


340  tons 


170  tons 
(54  tsf) 


206  tons 


376  tons 


Pressuremeter  Theory 


f23  tons 
(39  tsf) 


157  tons 


280  tons 
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G.   DEEP   EXCAVATION   IN   SOFT   SOIL 

General 

At  a  site  in  downtown  Chicago,  a  31  foot  (9.4  meters)  deep  unbraced  excavation 
was  performed,  which  resulted  in  significant  movements  of  the  cut  soils.  Pres- 
suremeter  tests  were  performed  at  the  base  of  the  excavation  in  order  to  aid  in 
evaluating  the  shear  strength  of  the  soil  to  allow  computation  of  excavation 
stability.  These  tests  were  performed  for  pressuremeter  research  to  help  cor- 
relate with  other  methods  of  determining  shear  strength:  in-situ  vane  shear  and 
laboratory  tests  on  large  diameter  undisturbed  samples. 

Project   Information 

The  soil  conditions  at  the  site  generally  consisted  of  surface  building  rubble  fill 
overlying  a  thin  crust  of  hard,  silty  clay,  which  overlies  the  soft  clay  in  which  the 
excavation  base  was  situated.  Dense  silt,  hardpan  and  limestone  bedrock  lie 
below  the  soft  clay  starting  at  about  20  feet  (6  meters)  below  the  excavation 
level.  There  was  a  perched  water  table  at  the  site  located  in  the  upper  fill 
between  7  and  10  feet  (2  to  3  meters)  from  the  original  grade. 

The  soils  were  glacial  in  origin.  The  thin  clay  crust  has  been  preconsolidated  by 
desiccation  and  fluctuations  in  previous  water  levels.  The  soft  clay  is  generally 
found  to  be  normally  or  just  slightly  preconsolidated.  It  has  been  found  to  be 
uniform  in  index  properties  over  short  horizontal  directions. 

Results  and  Conclusions 

The  base  of  the  excavation  was  in  the  soft  to  medium  stiff  silty  clay.     The  silty 

clay  had  an  average  water  content  of  23%  and  an  average  moist  unit  weight  of 

3 
128  pcf    (2.05  kg/cm  ).     Laboratory  consolidation  tests  indicated  the  soil  to  be 

normally   consolidated;   the   coefficient  of  horizontal  earth  pressure,  K  ,  was 

determined  to  be  0.55. 


59 


Pressuremeter  tests  were  performed  at  the  base  of  the  excavation  in  shallow 
bore  holes  advanced  by  hand  auger  methods.  The  shear  strengths  calculated 
from  the  pressuremeter  tests,  were  compared  to  shear  strength  values  from  field 
vane  shear  tests  and  laboratory  unconfined  compressive  strength  tests.  The 
pressuremeter  test  results  were  excellent,  considering  the  low  strength  of  the 
clay  soils.  They  are  shown  in  Figure  11  .  Typically,  pressuremeter  tests 
performed  in  very  soft  deposits  by  drilling  or  augering,  result  in  poorly  defined 
curves  due  to  bore  hole  disturbance. 

The  shear  strength  was  calculated  by  the  theoretical  relationship  according  to 
Menard: 

Pl-Po  =  2Kbc  (G-l) 

The  coefficient,  K.  ,  is  usually  determined  from  the  E/(P.)  ratio.  For  typical 
cohesive  soils,  this  ratio  equals  10,  for  which  the  value  for  K.  is  2.7,  according  to 
Menard.  However,  this  value  was  modified  as  based  on  relationships  established 
for  other  Chicago  area  clays;  a  value  of  2.55  was  used.  The  horizontal  earth 
pressure  at-rest  (P  )  was  determined  from  the  laboratory  K  value  and  compared 
with  the  test  curve  value  taken  as  the  start  of  the  pseudo-elastic  portion.  For 
example,  the  shear  strength  calculated  from  the  pressuremeter  Test  1  is  as 
follows: 

(Pj  -  P  )  /2Kb   =   (2.75  kg/sq.cm.  -  0.70  kg/sq.cm.)  /  5.1  =  0.40  kg/sq.cm. 

The  vane  shear  tests  were  all  performed  in  the  soft  silty  clay  strata  and  at  the 

same  depth  as  the  pressuremeter  test.      The  vane  shear  tests  were  performed 

approximately  200  feet  away.      Five  (5)  inch  (12.7  cm)  diameter  thin  wall  steel 

tubes    for    unconfined    compressive   strength    tests   were   also   obtained   within 

200  feet  of  the  pressuremeter  test  hole  at  the  same  depth  at  which  the  tests 

were  run  in  the  soft  silty  clay  strata.     The  index  soil  properties  of  the  soft  silty 

clay  strata  at  this  site  were  uniform  with  depth,  showing  no  major  significant 

variations,  so  that  the  correlation  between  test  results  is  possible.     All  of  these 

tests,  pressuremeter,  vane  shear  and  large  sample  unconfined  compression,  were 

performed  from  the  excavation  level.     The  shear  strength  data  is  summarized  in 

the  following  table. 

60 


^GC   T 


u 

u 

c 

300 

i> 

e 

"o 

200 

> 

Ji 

o 

L. 

100 

u 

'J 


o 

> 

V 
JO 
0 


> 

-Q 

3 


/   PJ  p]   =  2.75  kg/sq.cm 

Pf  =   1.60  kg/sq.cm 
E  ,  =       31   kg/sq.crn 


1  2 

Pressure   in   kg/sq.cm 


$00  _ 


300  -- 


200  -- 


100  -■ 


400  -p 


300  ■- 


200  •- 


100 


1  2 

Pressure   in   kg/sq.cm 


P     --   2.30  kg/sq  .cm 
P     =    1.20  kg/sq.cm 


E  .  =       34  kg/sq.cm 


P     =   3.00  kg/sq.cm 


P     =  1.30  kg/sq.cm 


c,  -       50  kg/sq.cm 


Pressure  in  kg/sq.cm 


FIGURE   11    -  PRESSUREMETER    DATA  -   SOFT   CLAYS 
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TABLE    10     SUMMARY  OF   SHEAR   STRENGTH   RESULTS 


Pressuremeter  Predicted  Vane  Shear 

Shear  Strength,  tsf  Tests,  tsf 


Unconfined  Compression 
Test  Shear  Strength*,  tsf 

@5%  Strain   @Max.  Stress 


.40 
.31 
.45 
Average 

0.39 


44 

.40 

.55 

31 

.25 

.45 

.40 

.64 

.38 


.35 


.55 


Notes:  1  tsf  =    .96  kg/sq.cm. 

*         From  5  inch  (12.7  cm)  diameter  thin  wall  tube  samples  for  strain 

All  values  of  shear  strength  for  the  three  methods  were  relatively  close.  The 
two  methods  of  testing  in-situ  were  higher  than  the  values  predicted  from  the 
laboratory  testing  at  5%  strain;  the  higher  laboratory  values  at  maximum  stress 
tend  to  indicate  that  the  soil  would  yield  in  a  plastic  shear,  as  was  actually  noted 
in  the  excavation  cut. 

The  design  shear  strength  used  to  calculate  base  stability  for  no  soil  movements 
within  the  excavation  was  conservatively  chosen  to  be  0.3  tsf  (0.3  kg/sq.cm). 
This  was  also  the  lowest  pressuremeter  value  of  shear  strength. 
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CASE   HISTORY 

H.   LATERAL  DEFLECTION  OF  A  TRANSMISSION  TOWER 

Background 

In  recent  years,  it  has  become  common  practice  to  utilize  a  single  foundation 
element,  such  as  a  drilled  pier,  for  supporting  a  transmission  tower.  These 
units  are  subjected  to  high  overturning  forces,  which  must  be  resisted  by  the 
lateral  soil  pressure  adjacent  to  the  drilled  pier.  This  type  of  foundation  has 
proven  to  be  more  economical  than  the  conventional  four  footing  tower  or  a 
large  mat  foundation.  One  of  the  main  considerations  for  the  single  drilled 
pier  foundation  is  the  ultimate  resistance  to  overturning  and  the  deflection  of 
the  pier  under  the  normal  overturning  force. 

The  first  step  in  the  design  of  a  drilled  pier  or  pile  foundation  to  support 
overturning  loads  consisted  of  determining  the  ultimate  capacity  of  the 
foundation.  The  foundation  was  then  sized  to  have  a  sufficient  safety  factor 
such  that  the  deflection  under  a  working  load  would  be  small. 

Some  of  the  early  attempts  at  predicting  the  deflection  were  based  upon  the 
horizontal  subgrade  reaction  as  proposed  by  Terzaghi  (reference  14).  How- 
ever, the  horizontal  modulus  of  subgrade  reaction  could  not  be  easily 
measured  and  it  was  frequently  estimated  on  the  basis  of  soil  type  and  the 
relative  density.  Other  investigators  (references  16  and  17)  have  predicted 
the  deflection  on  the  basis  of  triaxial  tests  and  strain  measurements  and, 
some  degree  of  success  has  been  obtained  in  correlating  computed  values  with 
actual  field  test  data.  Recently,  the  pressuremeter  test  has  been  used  to 
evaluate  the  horizontal  modulus  of  the  soil,  which,  in  turn,  can  be  converted 
to  a  horizontal  subgrade  reaction.  This  information  is  then  used  in  a 
deflection  analysis. 
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Project  Description 

At  a  site  in  northeastern  United  States,  two  drilled  pier  foundations  were  in- 
stalled and  load  tested  to  determine  the  deflection  under  lateral  loads.  One 
drilled  pier  was  5.5  feet  (1.68  meters)  in  diameter  and  the  other,  8  feet  (2.4 
meters)  in  diameter.  Both  piers  were  extended  to  a  level  of  17  feet  (5.2 
meters)  below  the  ground  surface.  An  inclinometer  was  installed  in  each  of 
the  drilled  piers  throughout  the  full  length  to  determine  the  deflection  at 
various  levels  below  grade.  In  addition,  horizontal  deflections  were  measured 
at  the  ground  surface  using  a  scale  and  a  fixed  reference  system  consisting  of 
two  dead-men  plus  a  taut  piano  wire.  A  transmission  tower  was  erected  on 
top  of  the  drilled  pier  and  lateral  loads  were  applied  with  steel  cables.  The 
loads  were  measured  by  means  of  a  dynamometer.  After  the  application  of 
each  load  increment,  surface  deflection  readings  were  taken  on  the  scale  and 
the  deflections  were  recorded  at  the  various  depths  by  means  of  the 
inclinometer  readings. 

The  soil  profile  at  this  site  consisted  of  a  silty  soil  containing  a  trace  of  clay 
and  particles  of  decomposed  shale.  As  the  borings  were  made,  pressuremeter 
tests  were  performed  at  various  levels  below  the  ground  surface.  Pressure- 
meter  parameters  and  Standard  Penetration  Resistance  values  from  two  bor- 
ings are  shown  in  Table  11  . 
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TABLE    11   -  PRESSUREMETER  DATA  SUMMARY  -  SILTY  SAND  SOILS 


BORING      DEPTH 

Pf 

Pl 

Ed 

Ed/Pl 

"N" 

(ft) 

(tsf) 

(tsf) 

(tsf) 

B-l 

(8.0  Ft.  Diameter  Pier) 

0  - 

2.5 

1.7 

3.5 

38 

10.8 

5 

2.5  - 

5.0 

9.0 

18.0 

200 

11.1 

24 

5.0  - 

7.5 

12.0 

24.0 

320 

13.4 

26 

7.5  - 

10.0 

11.0 

22.0 

275 

12.5 

28 

10.0  - 

12.5 

13.5 

27.0 

380 

14.1 

26 

12.5  - 

15.0 

10.0 

22.0 

200 

9.1 

29 

15.0  - 

17.5 

13.0 

26.0 

270 

10.4 

30 

B-2 

(5.5  Ft.  Diameter  Pier) 

0  - 

2.5 

2.2 

4.5 

i*5 

10.0 

7 

2.5  - 

5.0 

3.7 

7.5 

60 

8.0 

21 

5.0  - 

7.5 

9.5 

16.0 

170 

10.6 

20 

7.5  - 

10.0 

11.0 

21.0 

260 

12.4 

42 

10.0  - 

12.5 

8.0 

16.0 

220 

13.8 

26 

12.5  - 

15.0 

6.7 

13.5 

100 

7.4 

20 

15.0  - 

17.5 

4.5 

9.0 

55 

6.1 

22 

NOTE:     1  ft     =  0.305  m 
1  tsf  =  95.8  kPa 
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Below  a  depth  of  2.5  feet  (0.7  meters),  the  Standard  Penetration  Resistance 
value  was  fairly  constant  at  20  to  30  blows  per  foot,  but  the  pressuremeter 
modulus  was  found  to  range  from  160  to  260  tsf.  The  ratio  of  pressuremeter 
modulus  to  Standard  Penetration  Resistance  ranged  from  2.9  to  14.6  and 
averaged  7.6.  This  is  a  significant  variation.  Some  analyses  for  deflection 
are  based  upon  correlations  with  Standard  Penetration  Resistance,  which,  in 
this  case,  would  tend  to  indicate  a  relatively  uniform  deposit,  but  the 
pressuremeter  testing  indicates  a  wide  variation  in  pressuremeter  modulus, 
which  represents  lateral  soil  stressing.  Terzaghi  (reference  14)  specifies 
linearly  increasing  modulus  for  granular  soils  which  is  confirmed  by  the 
pressuremeter  test  data. 

The  pressuremeter  modulus  was  converted  to  horizontal  subgrade  reaction  by 
the  following  relationships  (reference    15) 

kxR  =  d'  =  Es  (H-l) 


and 


and 


where: 


Es  =  3Ed  (H-2) 


k=ko(|,-^ 
o 


(H-3) 


k  =  horizontal  modulus  of  subgrade  reaction 

k  =  horizontal  modulus  of  subgrade  reaction  for  30cm.  diameter  plate 

R  =  standard  diameter  of  30  cm. 
o 

R  =  width  of  loaded  area 

o0  =  constant  determined  by  bending  characteristics  of  the  pile  or  pier 

E  =  modulus  of  deformation  of  the  soil  by  plate  load  test 

E  .  =  pressuremeter  modulus 
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The   modulus  of   horizontal  subgrade  reaction  could  also  be  calculated  by 
means  of  the  Menard  Formula  (reference   9)  as  follows: 

1/k=^2x30x(      §,?+*&£    X3R  (H.,} 


The  modulus  of  horizontal  subgrade  reaction  computed  by  equations  H-l  to  H- 
3  or  equation  H-4  were  found  to  be  in  close  agreement. 

A  Beam  Column  computer  program  was  used  to  calculcate  the  deflection, 
moments  and  shears  at  various  points  within  the  drilled  pier  utilizing  the  hori- 
zontal subgrade  reaction  modulus  determined  from  the  pressuremeter  tests 
and  the  stiffness  of  the  drilled  pier.  The  deflection  that  is  generated  by  this 
computer  solution  is  based  upon  assumptions  regarding  the  boundary  con- 
ditions at  the  base;  i.e.,  whether  or  not  the  base  can  translate  or  whether  the 
slope  must  remain  vertical  or  can  deflect.  The  inclinometer  data  from  the 
two  drilled  piers  under  loads  indicated  that  the  drilled  piers  remained  rigid 
during  load  application  and  translation  of  the  top  in  the  direction  of  the  force 
plus  a  reverse  movement  at  the  base  did  occur.  A  plot  of  the  deflection  of 
the  5.5  foot  diameter  drilled  pier  at  a  maximum  load  increment  is  shown  in 
Figure  12  .  Based  upon  the  deflection  behavior  of  this  pier  under  load,  it 
was  decided  that  the  boundary  condition  that  is  most  representative  for  the 
caissons  in  this  load  test  was  the  case  of  base  freedom,  i.e.,  the  base  is  free 
to  translate  and  the  slope  is  free  to  move  from  the  initial  vertical  position. 
This  use  of  boundary  condition  results  in  the  maximum  predicted  deflection. 
Computer  predictions  for  base  fixity  reduced  the  deflections  predictions  by  a 
factor  of  2  to  5,  depending  upon  the  restrictions  imposed. 
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Project  Results 

The  measured  deflections  of  the  top  of  the  pier  under  the  two  cycles  of  load- 
ing that  were  applied  to  the  5.5  foot  (1.6  meter)  diameter  pier  are  shown  in 
Figure  13  a.  Figure  13  b  is  a  plot  of  the  measured  deflections  under  five 
cycles  of  loading  that  was  applied  for  the  8  foot  (2.4  meter)  diameter  pier. 
The  predicted  deflection,  based  upon  the  pressuremeter  derived  soil  input  and 
the  condition  of  freedom  of  the  base  of  the  pier  to  translate  and  rotate  are 
also  shown  on  these  two  figures.  The  predicted  deflection  overestimated  the 
measured  deflection,  especially  for  the  8  foot  (2A  meter)  diameter  pier. 
Since  the  diameter  was  about  one  half  of  the  height,  a  considerable  amount  of 
restraining  moment  was  available  at  the  base  that  would  help  to  reduce 
deflections.  However,  the  computer  program  was  not  capable  of  taking  this 
effect  into  account.  A  modification  of  the  computer  program  appears 
warranted  to  handle  wide  piers.  In  the  case  of  the  5.5  foot  (1.6  meter)  pier, 
the  measured  and  predicted  deflections  were  in  relatively  close  agreement. 
The  effect  of  base  restaining  moment  for  this  pier  would  be  interpreted  to  be 
significantly  less  than  for  the  8  foot  (2A  meter)  diameter  pier. 

Since  the  predicted  and  measured  values  of  the  surface  deflection  were 
reasonably  close  in  agreement,  it  is  concluded  that  the  pressuremeter  was  an 
excellent  tool  for  measuring  the  soil  parameters.  These  parameters  were 
converted  to  a  deformation  modulus  which,  when  coupled  with  a  computer 
program,  accurately  predicted  deflections  under  lateral  loads. 
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CASE  HISTORY 

I.    LATERAL  LOAD  TEST  FOR  CHIMNEY  OVERTURNING  EVALUATION 

"H"  pile  foundations,  driven  to  support  a  500  foot  high  chimney,  were  load 
tested  in  a  lateral  direction  to  evaluate  the  soil  resistance  to  the  large  wind 
overturning  moments  on  the  chimney.  Pressuremeter  tests  were  performed 
in  conjunction  with  the  four  lateral  load  tests  to  help  provide  information 
regarding  horizontal  subgrade  reaction  of  the  soils.  Standard  Penetration 
Resistance  Values  in  the  fine  to  coarse  sand  soils,  as  well  as  near-surface 
field  density  tests,  were  performed  to  model  the  soil  profile.  This  informa- 
tion of  soil  profile,  relative  density,  and  modulus  of  subgrade  reaction  was 
input  into  a  "Beam-Column"  computer  program  and  the  resulting  predictions 
of  pile  deflections  were  correlated  with  the  actual  field  test  measurements. 
The  shear  stresses  and  moments  predicted  by  the  computer  were  checked 
versus  allowable  values  for  the  type  of  pile  selected. 

Test  Results 

The  piles  were  loaded  and  unloaded  through  three  cycles,  the  maximum  load 
being  four  times  the  design  lateral  load.  Figure  14  indicates  the  lateral  load 
test  results  for  an  HP- 10  X  57  pile.  A  maximum  net  deflection  of  0.5  in. 
(1.3  cm)  was  set  as  a  limit  after  removal  of  all  loads.  All  tests  were  well 
within  this  limit. 

The  deflection  during  the  loading  portion  of  each  cycle  became  larger  at  the 
same  load,  with  each  new  cycle.  An  increase  in  deflection  should  bring  about 
a  corresponding  reduction  in  modulus  of  subgrade  reaction.  The  units  for 
subgrade  reaction  are  typically  force  per  length  cubed.  More  accurately,  the 
units  should  be  force  per  unit  area  moving  a  rigid  surface  through  a  specific 
distance.    The  larger  the  value  of  subgrade  reaction,  'k',  the  greater  is  the 
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force  required  to  move  the  rigid  surface  through  a  unit  distance.  Conversely, 
for  a  uniform  force  per  unit  area,  a  larger  deflection  through  which  the  rigid 
body  moves  will  result  in  a  smaller  'k'  value.  Thus,  as  the  deflection 
increases,  the  modulus  of  subgrade  reaction  decreases. 

Pressuremeter  tests  were  performed  both  before  and  after  the  load  testing. 
Although  they  could  not  be  performed  in  the  same  bore  hole  at  the  same 
depth,  the  soil  conditions  were  uniform  enough  to  allow  correlations  between 
near-by  bore  holes.  There  was  a  significant  reduction,  in  the  pressuremeter 
modulus,  Ej,  after  the  load  test  was  performed,  approximately  40%.  As 
defined  by  Menard  (reference  9  )  and  Baguelin  (reference  1)  the  modulus  of 
subgrade  reaction  is  directly  related  to  the  pressuremeter  modulus;  in  this 
case,  by  a  factor  of  2.3  times  the  pressuremeter  modulus,  E  .. 

The  computer  program  was  used  to  define  deflection  curves  for  various  values 
of  modulus  of  subgrade  reaction.  These  are  shown  in  Figure  15.  By 
correlating  with  the  actual  deflection  measured  for  the  pile  top  (at  1.0  foot 
(0.3  meters)  above  grade)  the  approximate  deflection  curve  can  be  establish- 
ed. The  initial  and  third  cycle  deflection  curves  are  shown  in  heavier  lines  in 
Figure  15.  The  bending  in  the  upper  one  foot  is  due  to  the  very  loose  nature 
of  the  surface  soil  around  the  pile  which  was  not  modeled  in  the  computer 
program.  However,  when  comparing  the  pressuremeter  test  results  before 
and  after  pile  loading  at  a  pressuremeter  test  depth  of  between  2  and  4.5  feet 
(0.6  to  1.4  meters)  the  corresponding  reduction  in  theoretical  modulus  of 
subgrade  reaction  value  corresponds  nearly  identically  with  that  measured  in 
the  pressuremeter  test. 
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Measurement  of   Horizontal   Pressures   With   the   Pressuremeter 

Experimental  pressuremeter  testing  was  performed  during  application  of  test 
loads.  A  pressuremeter  bore  hole  was  drilled  1.0  foot  (0.3  meters)  from  the 
flange  of  the  H-pile  foundation.  A  pressuremeter  was  introduced  into  the 
bore  hole  and  a  seating  pressure  was  applied  to  overcome  inertia  and  to 
stabilize  the  pressuremeter  probe  against  the  sides  of  the  bore  hole.  As  the 
load  test  was  applied  to  the  pile,  the  pressure  was  transmitted  to  the  soil, 
tending  to  collapse  the  pressuremeter  probe.  A  slight  pressure  was  applied 
to  the  pressuremeter  probe  so  that  a  constant  volume  was  maintained.  Each 
time  the  load  was  applied  to  the  pile,  a  corresponding  pressure  increase  was 
applied  to  the  pressuremeter  probe  to  maintain  this  constant  volume.  In  this 
way,  the  stress  distribution  into  the  soil  by  the  loaded  pile  was  measured. 

The  total  test  load  was  applied  at  the  top  of  the  pile,  and  the  reaction  to  this 
load  was  distributed  throughout  the  soil  within  the  full  length  of  the  pile.  The 
computer  program  was  used  to  estimate  the  approximate  stress  distribution  in 
the  soil.  The  average  load  distribution  through  the  length  of  pressuremeter 
test  (depth  of  2  to  4.5  feet  (0.6  to  1.4  meters))  was  about  21%  of  the  applied 
total  load  on  the  pile.  This  distribution  was  somewhat  independent  of  the 
modulus  of  subgrade  reaction  for  the  pile  tested,  so  changes  in  modulus  of 
subgrade  reaction  had  little  influence  of  total  load  distributed  to  the  soil 
within  this  zone.  The  maximum  pressuremeter  pressure  required  to  maintain 
a  constant  volume  was  approximately  8%  of  the  total  applied  test  load. 

Stress  distribution  in  soils  from  loaded  foundations  is  typically  assumed  to 
spread  outward  in  a  "stress  bulb"  fashion.  The  portion  nearest  to  the  founda- 
tion resembles  a  straight  line  on  a  slope  of  approximately  45  to  60  .  The 
reduction  in  stress  from  21%  of  the  total  load  at  the  pile  surface  to  8%  one 
foot  (0.3  meter)  from  the  pile  represents  a  stress  distribution  of  approxi- 
mately a  slope  of  51°  outward  from  the  loaded  pile. 


75 


Conclusions 

In  summary,  the  pressuremeter  results  can  be  used  to  predict  modulus  of  sub- 
grade  reaction  which,  in  turn,  can  be  input  into  an  appropriate  computer 
program  to  predict  lateral  pile  deflections  with  some  degree  of  accuracy. 
Changes  in  modulus  of  subgrade  reaction  due  to  cyclic  loading  may  be 
discernible  by  accurate  pressuremeter  testing. 

The  pressuremeter  may  be  useful  in  measuring  in-situ  stress  changes  due  to 
stress  increases  caused  by  loaded  foundations.  Additional  study  and  research 
should  be  conducted  in  this  area  to  more  accurately  define  the  reactions 
which  can  take  place. 


76 


APPENDIX   A  -   REFERENCES 


1.  Baguelin,  F.,    Jezequel,  J.  F.  and  Shields,  D.  H.,   The  Pressuremeter  and  Founda- 
•    tion  Engineering,  Series  on  Rock  and  Soil  Mechanics,    Volume  2  (1974/77)  No.4., 

1978  by  Trans  Tech  Publications,  Clausthal,  Germany. 

2.  Broise,  Y.  "Operation  Manual  -  Geoprobe  Model  GW-H",    1970. 

3.  Brooker,  E.  W.  and  Ireland,  H.  O.,  "Earth  Pressures  At-Rest  Related  to  Stress 
History",  Canadian  Geotechnical  Journal,   Volume  11,  No.l,  February  1965. 

4.  Calhoon,  M.,  "Field  Testing  with  the  Pressure-Meter",  Lecture  given  at  the 
University  of  Kansas,  1970,  U.S.A.  (unpublished). 

5.  Gibson,  R.  E.  and  Anderson,  W.  F.,  "In-Situ  Measurement  of  Soil  Properties  with 
the  Pressure-Meter",  Civil  Engineering  and  Public  Works  Review,  London,  May, 
1961. 

6.  Hartman,  3.  and  Schmertmann,  J.,  "FEM  Study  of  Elastic  Phase  of  Pressuremeter 
Test".  Preceedings  of  the  Specialty  Conference  on  In-Situ  Measurement  of  Soil 
Properties,  American  Society  of  Civil  Engineers,  Raleigh,  North  Calolina,  1975, 
pp.  190-207. 

7.  Laier,  J.  E.,  Schmertmann,  J.  H.,  "Effect  of  Finite  Pressuremeter  Length  in  Dry 
Sand",  Proceedings  of  the  Conference  on  In  Situ  Measurement  of  Soil  Properties, 
American  Society  of  Civil  Engineers,  Raleigh,  N.C.,  1975,  Volume  1,  pp241-259. 

8.  Lukas,  G.L.,  LeCler  deBussy,  B.,  "Pressuremeter  and  Laboratory  Test 
Correlations  for  Clays",  Journal  of  the  Geotechnical  Engineering  Division, 
American  Society  of  Civil  Engineers,  Volume  102,  No.  GT9,  September,  1976, 
pp945-963. 

9.  Menard,  L.,  "Interpretation  and  Application  of  Pressuremeter  Test  Results",  Sols 
Soils,   No.  26,  1975. 


77 


10.  Menard,  L.  and  B.  E.  Hartman,  "Rules  for  the  Calculation  and  Design  of 
Foundation  Elements  on  the  Basis  of  Pressuremeter  Investigations  in  the 
Ground",  Proceedings,  6th  International  Conference  on  Soil  Mechanics  and 
Foundation  Engineering,  Montreal,  1964. 

11.  Mori,  H.  and  Tajima,  S.,  "The  Application  of  Pressuremeter  Method  to  the  Design 
of  Deep  Foundations",   Soil  and  Foundations,  February,  1964. 

12.  Roy,  M.,  Juneau,  L.,  LaRochelle,  P.,  Tavenas,  F.,  "In- Situ  Measurement  of  the 
Properties  of  Sensitive  Clays  by  Pressuremeter  Tests",  Proceedings  of  the 
Specialty  Conference  on  In  Situ  Measurement  of  Soil  Properties,  American 
Society  of  Civil  Engineers,  Raleigh,  North  Carolina,  1975,  Volume  1,  pp.  350- 
372. 

13.  Schmertmann,  J.  H.,  "Measurement  of  In  Situ  Shear  Strength",  Proceedings  of 
the  Conference  on  In  Situ  Measurement  of  Soil  Properties,  American  Society  of 
Civil  Engineers,  Raleigh,  1975,   Volume  2,  pp  57-138. 


78 


APPENDIX   B    -  GLOSSARY 


Bearing  Capacity  Factor,  K  -  a  factor  which  varies  according  to  the  type  of  soil 
and  increases  with  relative  depth  until  a  critical  depth  of  embedment,  H  is 
reached.  It  is  equal  to  O.S  for  footing  foundations  situated  at  the  ground 
surface  and  can  increase  up  to  9.0  for  pile  or  pier  foundations  driven  into  very 
dense  granular  soils. 


Creep  -  in  a  pressuremeter  test,  the  reading  of  the  deformations  in  relation  to 
time  are  taken  at  15  seconds,  30  seconds,  and  one  (1)  minute  after  pressure 
increase  for  each  pressure  step.  The  difference  between  30  second  and  one 
minute  readings  is  termed  the  "creep  value";  it  is  used  to  help  evaluate 
transition  of  the  test  from  the  pseudo-elastic  to  plastic  phase,  which  defines 
the  creep  pressure,  P*. 

Creep  Pressure  Pf  -  is  the  stress  level  at  the  end  of  the  pseudo-elastic  zone, 
before  the  soil  goes  into  a  plastic  zone  in  which  deformations  are  non- 
recoverable. 

Lateral  Earth  Pressure  At-Rest,  P  -  is  the  coefficient  of  earth  pressure  at 
rest,  K  ,  times  the  vertical  overburden  pressure,  yjn  at  the  elevation  of  the 
foundation  element.  It  is  sometimes  evident  from  the  pressuremeter  curve 
when  a  flatter  portion  of  the  curve  exists  before  the  portion  of  the  curve 
which  defines  the  modulus  of  deformation,  Ej. 

Limit  Pressure,  P.  -  is  the  pressure  at  which  failure  occurs  for  the  soil.  If  the 
soil  does  not  fail,  there  are  several  techniques  to  extrapolate  the  available 
data  to  estimate  the  limit  pressure. 

Modulus  of  Deformation,  E  .  -  is  a  distortion  modulus  of  the  soil  measured  in  the 
"pseudo-elastic"  phase  of  the  test.  It  is  measured  as  the  slope  of  the  volume 
change  versus  pressure  curve  in  the  "straight-line"  portion  of  the  curve.  The 
pseudo-elastic  portion  of  the  test  is  where  the  strains  are  partially 
recoverable. 
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Rheologic  Coefficient  -  CL  ,  is  a  variable  based  on  the  structure  of  the  soil.  In 
general  pressuremeter  use  they  are  used  as  follows: 

sand  &  gravel  06  =  1/3 

silt  a=  1/2 

clay  a=  2/3 

peat  &  newly  compacted  soil  06  =  1.0 

Shape  Coefficient  -  \2  and  \-derived  from  the  formula  of  Steinbrenner  for 
calculation  of  settlements  by  elastic  theory.  These  coefficients  are  a 
function  of  the  size  relationships  of  a  foundation  as: 

for  round  cross  section  }^-  =  1  \  -  =  1 

for  square  cross  section  X?  =  *  X3  =  * '  * 

for  rectangular  cross  sections  L,/2R  =2,  X?  =  *'^»  X3  =  1*2 

for  rectancular  cross  sections  L/2o  =10,         \o  =  2.65,  \?  -1-5 

Settlement  Components  W:  W,  -  is  a  settlement  related  to  a  phenomenon  of 
compressibility.  Directly  under  a  foundation,  the  stress  tensor  has  a  spherical 
tendency;  the  increase  in  average  pressure  induces  a  volume  reduction  of  the 
material  in  accordance  with  the  value  of  the  volumetric  compression 
modulus. 

W2  -  is  a  settlement  related  to  a  creep  phenomenon  under  the  influence  of  the 
deviatoric  tensor,  wherein,  angular  deformations  are  observed  without  volume 
change  under  the  foundation. 
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FEDERALLY  COORDINATED  PROGRAM  (FCP)  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT 


The  Offices  of  Research  and  Development  (R&D)  of 
the  Federal  Highway  Administration  (FHWA)  are 
responsible  for  a  broad  program  of  staff  and  contract 
research  and  development  and  a  Federal-aid 
program,  conducted  by  or  through  the  State  highway 
transportation  agencies,  that  includes  the  Highway 
Planning  and  Research  (HP&R)  program  and  the 
National  Cooperative  Highway  Research  Program 
(NCHRP)  managed  by  the  Transportation  Research 
Board.  The  FCP  is  a  carefully  selected  group  of  proj- 
ects that  uses  research  and  development  resources  to 
obtain  timely  solutions  to  urgent  national  highway 
engineering  problems.* 

The  diagonal  double  stripe  on  the  cover  of  this  report 
represents  a  highway  and  is  color-coded  to  identify 
the  FCP  category  that  the  report  falls  under.  A  red 
stripe  is  used  for  category  1,  dark  blue  for  category  2, 
light  blue  for  category  3,  brown  for  category  4,  gray 
for  category  5,  green  for  categories  6  and  7,  and  an 
orange  stripe  identifies  category  0. 

FCP  Category  Descriptions 

1.  Improved  Highway  Design  and  Operation 
for  Safety 

Safety  R&D  addresses  problems  associated  with 
the  responsibilities  of  the  FHWA  under  the 
Highway  Safety  Act  and  includes  investigation  of 
appropriate  design  standards,  roadside  hardware, 
signing,  and  physical  and  scientific  data  for  the 
formulation  of  improved  safety  regulations. 

2.  Reduction  of  Traffic  Congestion,  and 
Improved  Operational  Efficiency 

Traffic  R&D  is  concerned  with  increasing  the 
operational  efficiency  of  existing  highways  by 
advancing  technology,  by  improving  designs  for 
existing  as  well  as  new  facilities,  and  by  balancing 
the  demand-capacity  relationship  through  traffic 
management  techniques  such  as  bus  and  carpool 
preferential  treatment,  motorist  information,  and 
rerouting  of  traffic. 

3.  Environmental  Considerations  in  Highway 
Design,  Location,  Construction,  and  Opera- 
tion 

Environmental  R&D  is  directed  toward  identify- 
ing and  evaluating  highway  elements  that  affect 


*  The  complete  seven-volume  official  statement  of  the  FCP  is  available  from 
the  National  Technical  Information  Service,  Springfield,  Va.  22161.  Single 
copies  of  the  introductory  volume  are  available  without  charge  from  Program 
Analysis  (HRD-3),  Offices  of  Research  and  Development,  Federal  Highway 
Administration,  Washington,  D.C.  20590. 


the  quality  of  the  human  environment.  The  goals 
are  reduction  of  adverse  highway  and  traffic 
impacts,  and  protection  and  enhancement  of  the 
environment. 

4.  Improved  Materials  Utilization  and 
Durability 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  and  technology  of  materials  properties, 
using  available  natural  materials,  improving  struc- 
tural foundation  materials,  recycling  highway 
materials,  converting  industrial  wastes  into  useful 
highway  products,  developing  extender  or 
substitute  materials  for  those  in  short  supply,  and 
developing  more  rapid  and  reliable  testing 
procedures.  The  goals  are  lower  highway  con- 
struction costs  and  extended  maintenance-free 
operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  concerned  with  furthering  the 
latest  technological  advances  in  structural  and 
hydraulic  designs,  fabrication  processes,  and 
construction  techniques  to  provide  safe,  efficient 
highways  at  reasonable  costs. 

6.  Improved  Technology  for  Highway 
Construction 

This  category  is  concerned  with  the  research, 
development,  and  implementation  of  highway 
construction  technology  to  increase  productivity, 
reduce  energy  consumption,  conserve  dwindling 
resources,  and  reduce  costs  while  improving  the 
quality  and  methods  of  construction. 

7.  Improved  Technology  for  Highway 
Maintenance 

This  category  addresses  problems  in  preserving 
the  Nation's  highways  and  includes  activities  in 
physical  maintenance,  traffic  services,  manage- 
ment, and  equipment.  The  goal  is  to  maximize 
operational  efficiency  and  safety  to  the  traveling 
public  while  conserving  resources. 

0.  Other  New  Studies 

This  category,  not  included  in  the  seven-volume 
official  statement  of  the  FCP,  is  concerned  with 
HP&R  and  NCHRP  studies  not  specifically  related 
to  FCP  projects.  These  studies  involve  R&D 
support  of  other  FHWA  program  office  research. 
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